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be no manner of doubL It is no part of their business 
and tliey do not pretend to deduce from the correlation 
they observe between heat and the sensiUe or atomic 
luovemenls of bodies, any conclusion relative to tht 
constitution of the universe, Notliing could be more 
unfair than to allege that their opinions lead to th< 
negation of a primal force, and thus to materialisTO 
A distinguished writer on Physics, M. Hirn, has ever 
demonstrated, in his Exposition de la Thhrie micaniqtu 
lie la C/iakur, that the experimental principles upon which 
they depend result logically, neither in materialism nor 
pantheism, but in the purest spiritualism. The essentia 
character of the new theory of heat is to show the con- 
nexion of ijhfflionieiia, in a continued chain, viewee 
independently of their causes; that is to say, without 
taking into consideration the nature of the forces which 
produce them." 

The reader of this little Treatise, therefore, will not 
expect to find anything in its pages but a simple account 
of ^^enopieQa i and b?,i% i;equested to bear in mind that 
tha" Jif St •cause oT."3leat;if never brought into question. 
With regard tp.'tfi? iranslation, it is only fair to observe 
that it te'rtover-aasy to render a technical work from one 
langu^pe '-'ynXD^ inpthpr. To secure accuracy, the writer 
has availed hitiiSelf-ef'-lIie professional knowledge of his 
son, whose scientific aptitude encourages tlie hope that 
he miay hereafter take the responsibility of more important 
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Ix general, throughout the lollo-#ing trealLse, the figares of the Fret 
mclric STStem have been placed, in juxtapo^tian with theit Engl 
equivalent!!, or the taller have been suliatituted Tor ihem. In so 
"' ' coulil not be done without an et " 
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I kilogram mf 


= 3-205 lbs. avoirdupois. 
- I ewt. 3 qrs. 24-462 lljs. 


3 do. 


Igramine 


= 0-544 drams avoirdupoia. 


50 do. 






= 39*37079 wcUci. 


I decimetre 


= 3'937079 .. 




= 03937079 ., 


I miUimEtre 


- 0-03937079.. 


/ kilometre 


= 1000 metres = 1093-63305 J«E 


1 cubic mslre 


= 610*7051 + cubic indies. 
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= 61-02705 + „ „ 
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I Hue 


= I cubic decimetre = 1-760 -f 


I decilitre 


= 0-1760 -1- pints. 
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The range of temperature from the freezing to the boiling point 
water ii divided ^ Fahrenheit's scale into iSo porli 
numbered from 32 to 212°, 

In the Cenlitfrnde scale the same range of temperature is divi<led h 
too parLi, numbered from o to lOD°. 

Hence, to convert degrees of Fahrenheit into Cenligraile, subtn 
32, and multiply the reniaindet_by j, 



PHENOMENA AND LAWS OF HEAT.I 



pur ordinary pehiftiSns of Heat distinguished from its 
: proper phtn 



\ 

^^Kn we touch ^loy. of the bodies that suFtq^. J us, we 
I^Seially recognise V.differeace in their state^r fonje com- 
municate to us iJi^'spnsation of heat, othe/s ^it of cold. 
This diiFerence is^' nj^cfy- ''^^''tive to our. s_exrs^fions ; it 
depends on the faeVffuit ihe. ^ense, ot*. toujdi' -undergoes 
a |)articular moiJificati(Jh,,%oich causes' .aj^erisation to be 
exjierieiiceu, and a juogrgerit to be fpjTii^& concerning it, 
praciically at Che same momt:iit. .TJiis special sensibility is 
given to us thai we may always be on the watch for our 
preservation. But it is not this kind of action with which 
we are concerned in the present work. We have to inves- 
tigate heat and cold apart from ourselves as exhibited by 
inanimate bodies. We have to discover what phenomena 
occur when such bodies act one upon another ; what modi- 
fications they undergo in becoming liot or cold. And in the 
degree that these modifications impress our senses we shall 
make those impressions also contribute towards the judg- 
ments we have to form. In most aises the sense of sight 
will reveal what is taking place ; but it may iiappen that our 
e of smell may also be caiVei liym " 
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3 THE PHENOMENA AND LAWS OF HEAT. 

assist in the observation. It is thus that the human mind 
collects the various data furnished by the senses, and raakea 
such an orderly arrangement of observed facts as to obtain 
a knowledge of nature. 

The following striking example will teach us to be t 
on our guard against the sense of touch when heat ii 
question. Plunge the right hantl into a vessel of tepid water 
and the left into one of iced water. Then put thenn both 
into water of the ordinary temperature. The latter will now 
appear to be cold, if we decide according to the sensation 
experienced by the right hand, but warm if we judge by our 
left ; and yet in botb £as«s. it j^ the same water, having the 
same uniform tfm_gejature. fhf "different manner in which 
we prepared. Oiji: bak^ is the^dl^-te^son why we experience 
different sflisa^DaS.'. ■•'■..•*. ;.■' ,'. 

The samfe'lMng" takes place "^^to-.we pass immediately 
from a .ftot batii into the open air-»^the "temperature feSIa 
cold. But if *e pass out of a coof.room or vault into the 
same a^qspliere as before, it will seem to -be warm. 

It thuVappears that there is no • C9?»nijal difference be- 
tween heatiand. cold when we abstfaci; our sensations, and 
consider. ghIt. "the body which impixisses^us. The action of 
heating is simply -the inverse pf,lt\frt,of cooling, and the 
word iuat (Usign|jes ihe <aiesedi^ tltis' iiind of action. 

Let us noV-prepape oursdvts t6 %tudy this subject \p} 
separating from anjDisgst the thousand phenomena presented 
by nature those which befofig to heat. It is certain that 
our first view will be very incomplete ; but as we advance 
we shall become better observers, and at every step a new 
discovery wilt recompense our toil, and urge us to further 
advances. We may not succeed in seeing and understand- 
ing all chat we desire ; but we may, at least, derive profit 
from the study in proportion to our means, and the intelli- 
gence we bring to bear upon them. 



We are in the midst of winter ; the surface of the eart 
white with snow, the rivers are frozen over; but the rooir 



GENERAL PHENOMENA OF HEAT. 

we inhabit is wanned by a brilliant fire. These condici 
are admirably well adapted for the commencement of our 
investigations. 

What is a lire ? What, for example, takes place in the 
giate? We must here have recourse for a moment to llic 
science of chemistry ; but at present our object is only to 
obtain from it some two or three very simple ideas, requiring 
a very slight effort of the intellect to comprehend. 

The combustible substance btirns in a current of atr, 
which enters the room through the interstices of the doors 
and windows, and rises in the chiiimey after passing over 
the coals. This air becomes modified in the act of support- 
ing combustion. Air is formed of two parts — the one called 
nitrogen, the other oxygen. It is the latter which gives rise 
to the phenomena of combustion whilst uniting itself to the 
carbon; and by this union carbonic acid gas is produced, 
which escapes up the chimney in company with the nitrogen. 
We need not enter into a detailed explanation of this phe- 
nomenon, our object being to concentrate our attention on 
the subject of heat. 

The action which takes place in this chemical combina- 
tion may be somewhat understood by imagining oxygen and 
carbon to be formed of particles called atoms, which rush 
together and unite in one body when they are brought 
sufficiently near each other. It is this sudden rush or shock 
of the particles which causes combustion. It produces at 
once heat and light; for the flame that we see is only a phe- 
nomenon which takes place over the coals, and which we 
judge of according to the impression it makes on our eyes. 

Are we then to understand that there can be no chemical 
combination producing heat without the simultaneous pro- 
duction of light ? Take a single example from a thousand 
that might be cited to prove the contrary. Powdered 
sulphur is mixed with iron filings, and a hole being made in 
the ground, it is filled with the mixture, which is afterwards 
covered with earth and watered ; in a little time the mass 
heats sjiontaneously. swells tip, raises the earth, and dis- 

jages vapours. This experiment was first made by Nicolas 

meiy, a chemist of the seventeenth century, who n'U 
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6 THE PHENOMENA AND LAWS OF HEAT. 

is accompanied with the disengagement of heal ami light; 
thus heat causes the sulphur, which the phosphorus covered, 
to bum, so tliat it also combines with the oxygen of the air 
to form sulphurous acid gas. Finally, this combustion, first 
of the phosphorus and aftenvards of the sulphur, deter- 
mines that of the wood of which the match is composed. 

It will be sufficient for our purpose to analyse what hap- 
pens in the case of the phosphorus, as the same reasoning 
applies to the sulphur and the wood. The atoms of phos- 
phorus are united by a force called cohesion, which force 
opposes itself to their combination with the atoms of 
oxygen. The rays of heat which come from the fire put 
these atoms in motion, acting like some actual force capable 
of destroying cohesion, and rending the atoms apart When 
this liappens, the atoms rush to unite themselves with the 
atoms of oxygen, and pliosphoric acid results. 

We have thus briefly studied a case of combustion deter- 
mined by heat in concurrence with the air. There are 
other cases of combustion in which air plays no part, and 
which may be effected when the combustible is placed under 
the exhausted receiver of an air-pump. 

Soak a bit of cotton in a mixture of equal weights of 
sulphuric acid and fuming nitric acid ; afterwards wash it 
with abundance of water, and you will obtain gun-cotton; 
that is to say, cotton combined with a certain quantity of 
oxygen and nitrogen. If brought near a fire, it will instiitly 
ignite and disappear, without leaving any visible traces. 
Evidently the atoms of which the gun-cotton was composed 
have been separated from one another by the action of 
heat, and they have recombined in another form as gases, 
which the air has forthwith carried away. If a more com- 
plete chemical explanation is desired, the case may be 
stated as follows :— Gun-cotton is a combination of carbon, 
hydrogen, oxygen, and nitrogea When the heat of the fire 
has disassociated these four kinds of atoms, they recombiue 
in the following order : the carbon and a part of the oxygeo 
form carbonic acid gas, the hydrogen and the rest of the 
oxygen form vapour of water, and the nitrogen remains 
&ee. This is all done so quickly, that gun-cotton can be 



CHANCE OF BULK EFFECTED BY HEAT. 

burnt in the hand without causing the sensation of heat ; 
great flame is produced, which instantly disappears, leaving 
no trace if the gun-cotton has been properly prepared. 

The action which takes place in the combination of gun- 
powder is essentially the same. Gunpowder is a mixture of 
saltpetre, charcoal, and sulphur. Decomposed by heat, its 
atoms enter into a fresh arrangement, producing carbonic 
acid gas and nitrogen gas, and leaving a brown compound 
of sulphur and polassium. It is the great bulk of gas^ 
which, developed in a fire-atm, presses against its sidci 
and drives out the cannon-ball. 

As the facts we have enumerated belong to chemistrj', ■ 
need not dwell upon them any longer. They are sufficient 
to give us a notion of the constitution of bodies, which may 
be defined as assemblages of particles bound togetlier by 
cohesion, and which heat tends to separate, acting like a 
force contrary to cohesion. In the phenomena specially 
treated by physics, the particles are not supposed to cliange 
their nature ; they simply separate from or come nearer to 
each other, or change their respective positions, always in 
themselves remaining identically the same. They are called 
molecules, and they must not be confounded with atoms, 
which may be of diflerent kinds in the same body, and 
which go to form molecules. Thus water is an assemblage 
of like molecules ; each molecule is composed of two atoms 
of hydrogen and one atom of oxygen. Here we only study 
those phenomena in which there is no separation between 



6. Change of bulk tffecUd by Ihat. 
S'ake a copper cylinder or ball, and a ring through i 



which it can pass freely. Then let the cylinder or ball be 
heated for some time in a fire, and it will be found that it 
can no longer pass through the ring. After being cooled, 
however, it will again pass freely as before; from which the 
iaference is plain — that copper expands by heat and con- 
tracts by cold. Hence one of tiie physical effects of heat 
is to change the volume of substances. We can form an 
■in of the raSiepiaU of this change by iliYa.giam^ ^W vf.c>\ft> ^^m 



^H cules t 

^P follows 
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cules to recede from, or to approach to, 
follows, also, that they do not really touch 
certain force keeping them always at a propei 
the same way that gravitation keeps the earih 
planets at determinate distances from the 
the innumerable globes which fill the univ' 
star is a sun, which has its attendant planets, and is tiie 
centre of a movement whicli follows the plan traced by the 
Creator. Do not forget this general resemblance between 
the world of molecules and the worlds which revolve in the 
starry heavens. A universal law rules over the movements 
and the positions of both. We have not yet discovered 
this law ; but it is a great deal to liave already suspected 
its existence, to have included in the same sentiment of 
I admiration these two harmonies, differing only in their pro- 
I portions : the one presiding over masses infinitely srnafl, 
which we touch ; the other over masses which we may call 
by comparison infinitely great, and which are revealed to 
ns by instruments which enable us to explore the immea- 
surable profundities of space. 

7. Fusion and solidification. 
Here is a piece of ice, which we place in a glass vessel 
near the fire. It melts, and in the place of the solid ice we 
have soon an equal weight of liquid water. If now we 
expose this same water to the sharp cold wliich reigns out 
of doors, it wiU freeze again. This transformation is the 
effect of heat. To melt ice it must be submitted to th« 
action of bodies warmer than itself; to freeze water it must 
be submitted to the action of colder bodies. The two 
Operarions are of the same kind, but both are inverse the 
one to the other. The sun will gradually bring about the 
same phenomena in a field covered with snow. By its 
heating action the white needles which cover the trees, and 
whose marvellous ramifications are so much admired by all 
observers of nature, will be reduced into drops of water, 
which will fall to the earth ; the carpet of snow which 
preserves the soil from the too sudden variations in the 
tcmpemtuT^ of the air will diminiah in thickness i and tb*. 
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water that results will impregnate the earth, and, reani- 
mating the genus contained in it, will restore to it its 
fertility. 

At nightfall, under the clear starlight, the fusiug process 
ceases. The force which |)roduced the result has dis- 
appeared ; but more than this — the celestial space is much 
colder than ice. Thus a part of the water melted during 
the day will freeze again ; and several suimy days must suc- 
ceed each other before die snow will completely disappear. 
Life will thus be revived little by little, and the danger 
that would attend a too sudden change will be avoided. 

8, Evaporation, diullition, and condmsalion of vapours. 

Fusion, as we have seen, is one of the effects of the action 
of heat upon solid bodies. There is another effect which is 
manifested on some solids, but more especially on liquids. 
During a very sharp cold, a little snow left in the open air 
on a plate may disappear completely witfiout having suffered 
fusion. The same thing happens to camphor if put in a 
large glass bottle. Little crystals are deposited here and 
there on the interior, changing place slowly if the position 
of the bottle be chariged. Let us inquire what has hap- 
pened in this case. 

We shall find on investigation that vapours have been 
formed on ihe surface of the camphor; their molecules 
have receded from one another, and constitute a true gas, 
which seeks to diffiise itself throughout all parts of the 
bottle. Some of these parts being colder than others, the 
vapours condense at those particular places, and again take 
the solid slate by an action inverse to that of vaporization. 
Thus heat has transformed the camphor into vapour, and 
cold has made it once more assume the solid state. It is 
to this property that we owe the odour of camphor. Its 
vapours enter our nostrils and act on the organ of smell; 
the same thing happens in the case of all odorous solids. 

Liquid substances, however, evaporate most easily. After 
rain the stones and pavements dry very quickly in the sun, 
a phenomenon which evidently cannot be referred to absorp- 
Take a sheet of paper, weigh it, and then moisten 



TO THE PHENOMENA AND LAWS OF HEAT. 

it with water ; the moisture quickly disappears. Weigh il 
again, and it will be found to possess exactly the same 
weight as before. What has become of the water ) Il 
exists in a state of vapour, mixed with the air by which 
we are surrounded, and is therefore not visible. To see 
the vapour thus disengaged resume the liquid condition,^., 
a decanter of cold water fresh from the well or cellar, alid 
well corked, so that none may come out. Much time will 
not elapse before dew will be ^een deposited on the surface 
of the glass. This happens because the bottle of water has 
cooled the air of your chamber, and the vapour of water 
naturally contained in it has been condensed. The atmo- 
sphere whicli surrounds the terrestrial globe, and which forms 
a gaseous ocean forty miles in depth, evidently contains 
vapour of water, arising from the evaporation of seas, rivers, 
and streams. When the sky is very clear, this water remains 
as an invisible transparent gas ; but various causes here 
and there determine its condensation, and from this arise 
clouds, fogs, rain, hail, and snow, circumstances detenuining 
which. We shall have to observe all tliese phenomena, and 
we shall try to discover the harmony of the laws by which 
they are all regulated. 

Let us return to our observations near the fire. We have 
water boiling in an open vessel ; its vapour rises like a little- 
cloud, and we can see bubbles detach themselves from the 
inside, rise, and break on the surface of the liquid, ThiS' 
again is the reduction of a liquid to the state of vapour; 
but, instead of being superficial, it is effected at various 
points of the mass. This phenomenon is called ebullition: 
the action of heat is the same in this case as when it causes 
evaporation. It is simply quicker in its action, and is 
spread over a great number of points. 

Thus water has become known to us in the three different 
states of ice, of a liquid, and of vapour or gas. Its mole- 
cules are always identical in themselves, but they are uti- 
equally bound together in these three states. In ihe solid 
there is a strong attraction between the molecules; in the 
Uquid they can roll easily over one another ; and in the 
gaseous condition they recede from one another, pressing 
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Bnst obstacles. These different conditions may be pre 

■jrted of a great number of substances. 

9. Mechanical cffeels of Ilial. 

(The following little experiment will enable us to toun a(^ 
\ of the expansive force of vapour. F;_^. i represenUJ 




topper ball carried on wheels. The ball is hollow; some ■' 
water has been poured into it through a tubular opening, 
which has been closed hermetically with a cork. The 
tubular opening thus tightly corked has been turned into a 
horizontal position. A small spirit lamp has been placed 
on the carriage under the ball, and being lighted, its flame 
heats the water ; the cork is thrown out to a distance with 
the noi.se of an explosion, a jet of vapour issues from the 
pipe, and the carriage is driven back. Now to explain what 
has happened. 

The heat of die flame has reduced the water to the state I 
of vapour; ihe molecules of water press upon all parts of J 
the interior of the ball which imprisons them, like an infinite 1 
number of little springs bent against the interior surface dt\ 
the vessel; but as yet there can be no motion, because all'^ 
these pressures counteract each other, some tending to push 
the ball in one direction, others to produce a movement 
exactly equal in the opposite direction. The resistance of 
the cork, however, being less than that of the rest of the 
^Velope, it is presently overcome, and the pressure it suit- J 



le 

m 

m 

It 

3f 

le . 

war ^^H 



I 

I 



11 THE PHENOMENA AND LAWS OK HEAT. ^^^H 

tained has ceased to counteract the similar pressure exerts ^ 
on the opposite interior surface of the balL The moineiz^»^ 
this occurs, the backward pressure, so to call it, mak^^a) 
the carriage recoil, whilst the forward pressure throws oi_a*i 
the cork. 

The same phenomenon occurs when a bullet is fired froTi» I 
a gun in shooting ; the butt end of the gun rests fimilj" 
against the shoulder, so as to resist the recoiling force. The 
gases developed in the barrel of the weapon by the com- 
bustion of the powder (of which we have spoken in a 
previous section), act like the vapour in our last experi- 
ment. In both cases there is a mechanical effect produced 
by the action of heat Therefore heat is capable of de- 
veloping mechanical force, to overcome resistances, and 
set masses in motion. This is the starting-point with all 
machines which are moved by the agency of fire ; they 
work by consuming coal, or any other combustible — that 
is to say, by the expenditure of heat As very considerable 
progress has been made in this branch of applied science 
during the last few years, it will not be unprofitable to 
bestow a few minutes on its more careful consideration. 
Some fire-machines are moved by the vapour of water, 
others by airj we shall select one of the latter to establish 
our principle, because the reasoning will be more simple. 

Very remarkable experiments have been made with the 
hot-air engine by M. Him, of Colmar, and they have con:- 
pletejy solved the problem. VVe have no need to transport 
ourselves to the actual locality of this great establishment, 
where the labours of the engineer keep pace with the pro- 
gress of science. An ingenious air-engine, recently invented 
by M. Laubereau, will serve for an example on a small 
scale. It will be found to deserve our most serious atten- 
tion, as exemplifying a discovery for which we are indebted 
to the labours of many great minds, and which in a very 
few years has produced a revolution in the physical and 
mechanical sciences. The Iriumjjhs of human intelligence 
are seldom, if ever, of instantaneous achievement. It is 
only by the exercise of patience, and as a reward of our 
repeated efforts, that we are permitted to lift the veil gj, 
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lo. A fire-madiim spends Heat in effediiig work. 

We propose to place our air-machine in a large boT,* 

entirely surrounded with ice, as by this arrangemenl a 

machine of very small size will suffice for the experimcnl. 

in figures 2 and 2 it it is represented in perspective and in 




EectioD. Two vertical copper cylinders are 
pipe. The piston of the smaller one, alternately rising and 
falling, turns the spindle or axletree of the machine. On 
this axle is adjusted the fly-wheel which serves to regulate 
the rotatory movement, and a roller (not represented in the 
engraving), upon which a cord is wound, from which 
depends a weight. The work of the machine, used as a 
model, is to raise this weight ; but in actual business, a 
pulley and strap are provided, by which the motion of the 
machine is transferred to the tool. The work effected by 
the tool is computed as being equivalent to raising a weight 
Ha a certain height, and it is customarj' to multiply 
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weight raised by the height, in order to measure the work. 
For example, a miit of work is the elevation of one kilo- 
gramme to the height of one metre. Ten times this amount 
<jf work would be to raise ten kilogrammes to the height of 
one metre, or, what would be ilie same thing, one kilo- 
gramme to the height of ten metres, and so on. Hence & 
kilogrammetre is called the unit of work. 

Let us now see how the action of heat determines the 
movement of the piston. 

The larger of the two cylinders is completeiy closed. Its 
lower extremity is extended in the form of a bell, so that it 
may be heated with coals placed on a grate, or with any 
other combustible. In the engraving a gas-jet serves to 
heat the cylinder. The upper part has the same form, but 
it is fiimished with a double case, so that a current of cold 
water passing between the two cases may prevent this part 
from getting hot. This current of water is formed by the 
simple contrivance of a pump, which the axle of the 
machine sets in motion. The cylinder contains a mass of 
plaster between two bell-shaped pieces of metal which fit 
exactly to the upper and lower extremities, as the whole 
thing is raised or lowered. To effect this displacement a 
handle and connecting-rod is adjusted to the axle, and acts 
ujjon the plaster after traversing the double cases through a 
box stuffed with tow. The position of this handle in rela- 
tion to that of the piston has been so calculated, that the 
mass of plaster may be in the upper or lower part just at 
the right moment. 

We have tlius a bulk of air confined in the two cylinder^, 
the pressure of which upon the piston is exerted upwards, 
whilst that of the atmosphere is exerted downwards. It is" 
understood that tlie piston rises when interior pressure is 
greater than the exterior pressure, and falls when it is less- 
It is the action of ihe fire and the current of cold water 
which effects these changes of pressure. To obtain a pei*' 
feet conception of this action, suppose, to begin with, that 
the mass of plaster is in contact with the refrigerator ; the 
heat of the fire wanns the air of the machine, augments its 
elastic force, and the piston mounts. When it has arrived 
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t the proper point in its course, a second period 
raeritts; the plaster begins to approach the heated portioOji. 
and as it conducts heat badlj', and therefore does not altomj 
it to pass by it, the furnace ceases to act on the air; tiai 

(cools by giving up its heat to tlie cold water, its elastic force 
dimiaishes, and the piston descends, partly in conse- 
quence of the impulsion transmitted to it by the fiy-wheel, 
ami partly because the atmosiiheric pressure is now greater 
than iliat of the air contained in the machine. Then the 
plaster again rises ; die heat of the fire acts freely on the 
air, re-heats it, and the motion continues by the simple dis- 
placement of the mass of plaster, which acts somewhat in 
'lie manner of a screen, alternately intercepting the action 
of tile tire and that of the refrigerator, and the bell-like 
fDnii of which serves to isolate the interior air as much 
possible — first from contact with the cold surface, then from 
'flat of the hot surface. The mechanism being understood*, 
ve shall now proceed to our experiment 

This little macliine, with its furnace lighted ready for 
action, is placed in the box surrounded with ice, with which 
il:e reader will remember we were prepared at the beginning. 
The charcoal has been weighed, and we iccure the dryness 
of the ice by opening a stopcock, through which any water 
proiiuced by fusion may run out. Openings conveniently 
disposed permit the entrance of air sufficient to make tlic 
charcoal bum, and the gases developed by the combustion 
escape by the chimney, after having traversed a serpentine 
tube plunged in the ice, in order to be thoroughly cooled. 
The machine is put in at rest, and while this is so the fire 
has no other effect than to melt the ice. At the end of a 
certain rime, we ascertain on the one hand the weight of 
,he remaining charcoal, and, by subtracting it from that 
obtained before the experiment commenced, we find the 
weight of charcoal consumed, and this number serves to 
measure the quantity of heat developed by the combustion. 
On the other hand, we collect the water which results from 
the melting of the ice, and ascertain its weight, which is 
evidently proportional to the quantity of heat developed, 
and, in consequence, to the weight of charcoal consumed 
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SO that if, in another experiment similar to the preceding 
one, we made the operation last so much longer that the ice 
melted might be double, we should find the charcoal burnt 
also double. It appears, from numerous experiments of this 
kind, that a given weight of charcoal may, in burning, be 
made to melt a quantity of ice about a hundred times 
greater tlian itself. 

After this first observation, set the machine in motion, 
and measure, as before, the weight of charcoal consumed 
and of ice melted; add to this the height to which the 
weight is raised by the action of the machine, and also the 
value of this weight. For simplicity's sake, suppose that 
the weight of charcoal consumed be the same as before, 
shall we I.ave the same amount of ice melted ? 

Only a very few years ago a savant to whom tliis questioa 
had been put would, very probably, have answered, Yes, 
because the quantity of heat developed by the combustion 
of a given quantity of charcoal is always the same, whether 
the machine be at rest or in motion, and nobody thought, 
at that time, there could be any intimate relation between 
heat and motion. Now we are much better informed, and 
we know that the quantity of ice melted during the o 
bustion of a given quantity of charcoal is less when the 
machine works than when it is at rest. If the work effected 
was to raise i kilogramme to the height of about 400 
metres, the amount of ice melted would be about . 
grammes less ; if the work was to raise 2 kilogrammes 
to the same height, the amount would be 24 grajiimes less; 
thus the loss is known to be proportional to the work done 
by the machine. 

From these two comparative observations it is concluded 
that heat may disappear or be expended at the same time 
that a certain amount of mechanical work is effected; 1 
is to say, a certain measure of resistance is overcome by the 
material system in which this disappearance takes place. 
We must, therefore, add to our list of the phenomena of 
heat the mechanical effects produced by iL We have si 
it employed in changing the volume of bodies.'afterwards ' 
infusing solids and vaporizing liquids ; further, it can 
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employed as a motive power. In the latter case none of 
the preceding effects will be observed to reveal its presence. 
When these effects only are taken into account, we say thai 
the heat employed to set the mechanism working has dis- 
appeared; but we know that nothing in reality can be 
annihilated. Mere matter is incapable of moving itself ; it 
can only obey the laws which reign in the universe. The 
elevation of a weight effected in our experiment is a motion 
equivalent to another motion which we call heat, wliich is 
hidden from our sight, but which we can conceive by calling 
our intelligence to the assistance of our senses. The lasK 
is a long aud difficult one, and, before seeking to trace 
effects to their causes, it is necessary to know those effects 
accurately. To place them clearly before the reader is the 
object of this work. 

After the experiment we have just described, the problem 
which follows cannot be difficult to solve, and it will open 
out to our contemplation a new horizon. 

1 1, Relation betwem animai Mml and mcckantMl work. 

A man is placed in a box in such a manner that the 
quantity of natural heat disengaged from his body, and the 
quantity of oxygen he takes in from the air for respiration, 
may both be measured. Question — Will he disengage tiie 
same quantity of heat for the same quantity of oxygen 
consumed if he remain at rest, as if he does some me- 
chanical work, such as raising a weight by a rope passing 
over a roller ? 

The reader is of course aware that respiration is a 
function of our organization designed to effect the intro- 
duction of atmospheric oxygen into the blood. This oxygen 
causes a slow combustion in our bodies, and iii consequence 
an incessant production of heat. The quantity of heat 
really brought into play may be measured by the data 
afforiJed by the amount of oxygen consumed. Now, if a 
certain amount of mechanical work is effected, a part of the 
heat employed is definitively expended for this effect, and 
cannot serve to heat other bodies. This is proved by the 
iact that we find a deficit proportional to the work effecl 
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when we compare the quantity of heat employed to heat 
the surrounding substances and the quantity which the liody 
has furnished. Thus a man will act like a fire-machine, 
and the result of the experiment will be the same in both 
cases. Whilst consuming the same quantity of oxygen, he 
will disengage less heat if at work than if he be at rest 

This experiment has been tried by M. Him upon himself 
and upon several individuals of different ages and of both 
sexes ; all the data he has thus obtained conspire to the 
same result. 

It is necessary to guard ourselves against the supposition 
that the disappearance of heat occasioned by mechanical 
work is necessarily accompanied by a cooling of the body. 
A litde brisk work in general warms the body, and in this 
state it disengages more heat than when in a state of repose. 
But it also consumes more oxygen, so that our principle 
remains unaffected by this well known fact. It is for this 
reason necessary that the man who does manual labour 
should have a greater volume of air to respire than the 
student. The workshop must therefore be commodious and 
well ventilated, care being taken that there are never too 
many individuals assembled in a gi\'en space, if we wish thera 
to work satisfactorily, and preserve their health. And let 
us add further that their food should be good and abundant 
so that they may be in the right condition to effect work. In 
fact, as the oxygen of the air serves as the agent of combustion 
in our blood, so the food we digest furnishes the combustible 
elements. If insufficient, the air becomes useless : the blood 
which circulates in all parts of the body will take the sub- 
stance itself of the tissues, and draw it into contact with the 
oxygen, which burns it. The body then becomes lean, as it 
is principally formed of carbon and hydrogen; and as these 
two substances constitute, with oxygen, carbonic acid gas 
and vapour of water, it may be said that by tlie want of 
food the body of an animal slowly consumes itself, so as to 
leave what may be called a htlle cinder only. The fooda 
specially adapted to produce animal heat are saccharine 
and spirituous matters, because carbon and hj'drogen pre- 
dominate in them, This is the reason why men who work 
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find suppon from alcoholic liquors. Il is surely 

unnecessary to add thst soch means shoulil be rc&onet) 

to wisely and tempcTalely ; the bad effect produc&l on the 

organization by the abuse, to which workmen are so often 

^tempted, destroys all the good that would arise from their 

Huse in moderation. 

^K By these consideration?;, we are led to regard men and 
^Kiimals as machines, which effect work with the aid of their 
^^luscles, by spending heat, exactly like fire<m.i chines. The 
will determines the motion, and maintains it, provided that 
the machine is able to consume in its muscles as much heat 
[ as is proportional to the work effected. Here, however, we 
^nre constrained to admire the superiority of living beings 
Hibrer machines, When a steam-engine or an air-engine 
^Hrorks, the whole of the heat which is developed in its 
^Kmace cannot be employed with mechanical effect ; a 
Hbisiderable part serves to warm the neighbouring bodies. 
^^n fact, this tost heat is nearly twenty times the amount of 
^Hfcit which we estimate as being effective. Suppose, for 
^Bomple, the mechanicil work effected by such a machine 
^^0 consist in the elevation of 65 kil. to the height of 4,Soo 
^Httetres ; 1,835 grammes of carbon must be burned under the 
^Biiler. The weight we have chosen is that of an ordinary 
^Kan, and the height, that of Mont Blanc. When a tra- 
^^ttller ascends this mountain, he raises his own weight, and 
^■{Fects with his muscniar power the work we have just 
^H^mated. Starting from Chamounix in the morning, he 
^Kpuld pass the night at the Grands MuIeCs, start again next 
^Koming, and arrive at the summit towards evening : he is 
^Kk Chamounix on the return journey towards the fall of 
^Hght. The excursion liisis about 28 hours ; but the actual 
^Balking, consequently the production of work, lasts only 
^Kj hours. According to M. Him, a robust man who 
^Hsccnds Mont Blanc thus consumes 132 grammes of 
^Kxvgen per hour, which amounts to 2,244 grammes i" '7 
^BDurs. The combustion taking place in liis body is equal 
^^» that of 833 grammes of charcoal. Comparing tliis 
^Kiantit}' with tiiat consumed by our steam-engine, it wUl 
^Be seen that it is less than the half. ^h 
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12. Electricity produc(d by Heat. 
The part played by heat does not terminate here. " It is 
capable of producing electricity under its two principal 
forms. In the seventeenth century, travellers brought from 
the isle of Ceylon some little green stones, in the form oi 
prismatic needles, which, by heating, acquired the property 
of attracting light substances. The natives of the country 
called these stones Tournamal (ash-drawers), because, 
when placed on hot ashes, they attracted them. This 
name has been corrupted into 
Tourmaline. We now obtain tour- 
malines Irom various localities ; those 
from Brazil, which are green or blue;, 
are the best for experimental pur- 
poses. Fig. 3 shows the arrange- 
ment adopted by the celebrated 
Haiiy. The tourmaline being made 
hot, is placed on a little support, 
balanced with two metallic balls, 
so that it may remain horizontal 
when set on a point. If now a. 
piece of rod glass, well nibbed, is 
presented to the extremities of the 
sione, it will be observed that one 
extremity is attracted, whilst the 
other is repelled ; an effect which is 
Fic. 3-— H.&y's Tour.i.iiiiie attributed to electricity. The tour- 
Apparatus, maline, therefore, becomes electrical 
by warming. 
Since i8zr, another method of producing electricity by 
heat has been known. It is under t!ie form of a current 
and this property of heat is often utilized for the jiurpose 
of studying some of its properties, particularly radiation. 
Prepare some little bars of two different metals, such as 
iron and copper, and solder them alternately by their ex- 
tremiiies in such a way that each joint shall be between 
iron and copper, and the paired joints be all kept in one 
line, as fig. 4, Unite the extremities of this simple con- 
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pper wii^ and job sin have conBD 
lat called a li^nmh^iairic /aJf {Bg. 4.) To d 
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'ERIMENTAL METHOD AND THE THERUOI 



I. Aim of pfiysirs. 

There are iwo methods of arriving at a knowledge of 
the laws of heat,— the one used by philosophers, the othet 
by physicists. The former rely on metaphysical considera- 
tions — on certain general itieas relative lo the constitution 
of the universe; and, having laid down a scries of rational 
principles, they proceed to predicate tlie phenomena which 
ought [o result froui them, reasoning from cause to effect 
The physicist, on the contrary, first applies his attention to 
the exact observation of phenomena ; he will measure, he 
will count, he will weigh what he has before him, so as to 
become well acquainted willi its various numerical relations J 
he will conceive experiments in which the quantities to be 
measured are plainly sejjaraled ; he will invent instnimenB 
with which he will effect exact measures ; and, when be 
shall liave worked out the result of his researches with the 
precision of a mathematical statement, he «'ill feel satisfied 
that he has foiuul the laws of the phenomena, — in other 
words, tlie method of nature. 

For example : a leaden ball suspended by a long siring 
to a fixed support naturally oscillates when it is let go, and 
we can easily count the number of oscillations it makes in 
\ minute. Now shorten the stiiii^', reducing its length to a 
quarter of what it was ; count the oscillations again : we 
ihall find that they are double in number during the same 
*i»ne . If the length be again reduced to a ninth par t Jbit 
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of oscillations will be found tri|)!eil The phe- 

mena may be represented by a mathematical statement, 

latevCT be the lengths compared ; this statement expresses 

e law of oscillations. 

KWhen by following tliis method a great number of la«'B 

tve been obtained relaiin- to phenomena evidently due to 

; same cause, we may try to trace the effects to their 

but in doing this we leave the tnie scientific patli, 

■Id the conceptions to which we attain are always uncertain. 

: degree of probability to which they may lay claim 

^ends on the number and exactitude of the observations 

Ehich led up to theni ; ihey are called hypotheses, and ate 

not necessary for the attainment of a knowledge of nature. 

In glancing over the history of the sciences, wc shall find 
that the experimental raetliod is of recent origin. The 
ancients worked metaphysically : Aristotle is the most cele- 
brated master in this school. His doctrine is based on a 
crowd of nominal distinctions, in which are considered the 
qualities of things only, and not their quantities. Imagina- 
tion effected everything. And yet it was Aristotle's logic 
which prevailed in the schools so late as the sixteenth 
century. The celebrated Descartes, who lived from 1596 
to 1650, himself contributed to retard the progress of the 
natural metliod. " Before seeking the laws of weight," said 
he, " I must learn what weight is ; because causes ought to 
ex|)lain effects." So far was he from being in the track 
which has led to so many surprising and useful discoveries 
in recent times. 

Galileo, who taught publicly in Florence about this time, 
should be looked upon as the founder of the natural 
method. He has given its theory, and he has put it in 
practice, inventing the instruments and conceiving the 
experiments. " We cannot," said he, " know the essence 
of things: the absolute escapes us ; we can only appreciate 
the reUtive. The causes are of little consequence ; it is 
the necessary relations or laws of things which must be 
discovered." And he discovered the rotation of the earth, 
the oscillation of the pendulum, tlie weight of the air, the 
11 of bodies; he created mechanics, or physics, properly 
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SO called. He was a mathematician, and he knew I^^H 
read in the book of nature — a houk written, as he ^^H 
mathematical language. And yet it must not be su|M^H 
that all his science was hidden infonnulEe accessible oi^^| 
a small number of adepts. Gahleo had the great QIJ^^H 
rendering science popular. He once wrote to a fiie^^| 
" I have remarked Uiat many of the young men wl)^^| 
quent our universities to prepare themselves for the ^^H 
professions, often show very little taste and aptitiu!^|| 
the study of natural philosophy. Others, on the contiaqi^ 
whose brains are more happily constituted in this respect, 
give themselves up to industrial or domestic occupations, 
without inclining to philosophize, because they iinagine 
philosophy is contained in great books written in os and lu, 
which they are not able to read. Ah I how I wish they 
knew that the same bountiful Nature has given eyes to them, 
as well as to the readers of Greek and Latin, to behold her 
works, and brains to know and comprehend them." 

Let us be disciples of Galileo; let us properly obserrc 
and analyse, and thus learn to distinguish the law of phe- 
nomena from the hypothesis which pretends to reveal it* 
cause. For us to explain a phenomenon is to describe it, 
showing the relation which exists between its various parts, 
or between it and other phenomena already understooi 
We shall be sufficiently acquainted with heat, when, ha\ing 
become habituated to grasp a natural tie between its sevetd 
effects, we are able to say which of tliem wiU be produced 
inder such and such circumstances. 

As to tlie intimate nature of heat, we are reduced W 
simple conjectuies ; and, when one reviews the opinions 
which have been expressed on this subject, it is easy to see 
what errors their authors have been led into for want Ot 
exact observation. 

2. Hypothesis as to the nature of Heat. 

Until the commencement of the present century the most 
universally accepted hypothesis was that of the materiali^ 
of heat. According to this hypothesis, heat was a kind ttf 
fluid matter without weight, different from thai which g" " 
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1^ HVPOTHESES CONCERNING BEAT. t^H 

Riites ihe molecules of bodies interposed between theotJl 
pd capable of passing from one body into another ?fith 
Kat quickness ; it was talleil caloric. A body being 
hnned was supposed to receive from without a certain 
foniity of caloric, which added itself to ihe caloric already 
fcitained in the body; when cooled, ihe caloric, on the 
ntrary, was supposed to be given ouL 
Un combustion the different substances were supposed to 
iiiibine whiUt disengaging caloric, becttuse their molecules, 
bing changed position, constiiuted a new body incapable 
Btontaining the sum of the quantity of caloric contained 
■ the substances previous to combustion. The quantity 
Huiil contained in the unity of weight of a given body 
B hence called its specific kail. For example, carbon in 
■Kbining with oxygen disengaged heal, because the specific 
■^ol carbonic acid gas thus formed is less ihan the sum 
Whe original quantities of heat contained in the carbon 
U oxygen which constitute the unity of weight of carbonic 
bl. A few simple observations will prove the error of 
K hypothesis. 

nVhen a piece of copper is filed, heat is disengaged ; 
feefore, aci:ording to the preceding tiieor)-, the filings 
Bold possess a specific heat less than compact cojjper. 
Bt this is not so. Copper filings, when submitted to the 
pion of heat, behave precisely like copper in the lump. 
iTake another example : If two pieces of ice be rubbed 
Kether, and every imaginable precaution be taken agaiost 
fcir.ing them by contact with other tubstaiicex, the ice 
W melt as if put near the fire. The panisan« of the 
Itterial tlieory of heat will say that the s|tecific heat of 
feter is less than that of ice, and, in consequence, friciioD 
letermines the escape of heaL The water can no longer 
maintain the sohd state, but becomes liquid. Without 
roubling ourselves with the assumption that heat cfcape» 
1 friction, the hypothesis is confuted by the fact that 
hfc Specific heat of ice is less than that of water, conlraiy 

8)c (brcgoing argument 

'a the first chapter we have described an experiment in 
'i heat disappeared, and yet was not to be found t^f^M 
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in the various bodies in play ; such a result could not be 1 
conceived if it be admitted that heat is a kind of matter, 1 

This hypothesis is now rejected because a great number! 
of facts have been discovered with which it is incompatiblei I 
but, as it has for a. long time reigned in science, many m- I 
prcssions and forms of reasoning arc sdli found which cany I 
its mark : so that one must not attnbute to them llie | 
meaning that they had when first brought into use. j 

A second hypothesis regards heat as a motion of tfie J 
molecules of bodies, which is accelerated during warming, J 
and retarded during coohng, which moreover can be trans- I 
mitted from one body to another in the same manner that a 
the agitation excited at one point of a mass of water 1 
is progressively communicated to the whole body by a 1 
sort of radiation in every direction. The tnolecuies are J 
su]3posed to be distributed under the dominion of a uni- 1 
versal attractive force, in the midst of a very elastic fluid 
called ether, which is spread tlirough all space; and it is ' 
through the mediation of this fluid that the radiation of 
heat and light takes place. Thus, when two bodies arc 
brought together, the motion of their molecules tends to 
distribute itself equally, and the effects of heat would be 
due to the reciprocal transmission of these motions. Fric- 
tion develops heat, because, according to this theory, a 
motion is communicated between the rubbing body and the 
insensible molecules of the body rubbed. This motion 
escapes our notice, as do the molecules themselves, in con- 
sequence of its extreme minuteness; but our senses arc 
impressed by the various effects of this motion which we 
call heat. It must be remarked here that the one word 
heat is employed in two different senses. Here we speak 
of the effect; elsewhere the same word m.iy designate the 
cause. A little attention will always disringiiish which 
S^ification must be accepted under given circumstances. 

The disappearance of heat would simply mean the diminu- 
tion of the motion of the molecules, this being transmitted, 
to the molecules of the neighbouring bodies, bul to 
their appreciable masses, which are always put in motion 
when this disappearance takes place. The molecular motion. 
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ibre, would be converted into the motion of ihe mass ; 

I heal would be transformed into mechanical ivoik, the 

e as in tl>e inverse case ; in friction and in other circuin- 

5 the motion of tlie mass wouiil be converted imo 

Iccular mnlions, the mechanical work transformed imo 



5 hyj 10 thesis, which is called dynamic, has been adopled 
jreat number of [ihiloso pliers since the seventeenth 
century. Indications of it are to be found in ihe writings 
of Descartes, Bacon, Euler, and others ; but without the 

■ precision wiiich it has since attained. It was not until after 

■ Ihe time of (lalileo, when physics was really founded on 
I experiment, that the metaphysical conceptions took a deter- 
I minaie form, and became capable of serving usefully as the 
I hssis of a theory. But in fact it is not sufficient that this 
f hypothesis should be definitely traced out that heat should 
' be spoken of as a motion ; it is still necessary to say what 

Hnd of motion is imagined, and what are its laws. 

this is done, only the preparation or rough draft of a theoi 



Several modern authors have essayed to attain this end, 
and have presented a theory of heat founded on the dy 
hypothesis. Imagining a peculiar constitution of bodies, 
tlioy have established formula; representing the laws which 
they supposed to regulate the motion of the molecules, and 
from these they have dia.vm all the mathematical i 
possible. To make the theoiy acceptable, it is necessary 
that all these conclusions be confirmed by experiment. If 
a sinjile one is in opposition to the facts, the whole theory 
must be built up again ; the edifice so arduously constructed 
must be destroyed; and, after having corrected the starting- 
point, the concatenation of conclusions must be 
nienceii in order to submit it to a new proof. 

Such a labour is a speculation of the mind ; cert; 
of rare genius give themselves up to this, to satisfy their 
insatiable thirst for knowledge; they contribute largely to 
the progress of physics by enlarging the field for discovery. 
In fact, very often a mathematical conclusion leads to the 
conjecture of a phenomenon until then unknown. The 
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physicist applies himself to the task ; he collects the ma 
terials for the new experiment ; he observes, and, if 
phenomena appear sudi as he was forewarned, the theoi] 
is confirmed. However this may be, a theory establishei 
in this manner is always unstable, like every other pro 
duction of the imagination. Let an adverse experimeD 
be made, and it is overthrown. Newton's theory of ligh 
has been destroyed by the disciples of Galileo, and that o 
Fresnel, conformable to the results of experiment, has 
placed it. Only the law of phenomena established bi 



careful observation 
stolen from nature ; it is 
aided by our senses ; to it 
■ with which the Creator hai 
After these reflections, 
that we propose to considei 



lutable. This is the 



secra 



e victory of our intelligence 
have devoted all the strengtl 
I do wed ■ 



■dly necessary to explaii 
ly the principal effects of heal^ 
i-ordinate ihem, and find their laws, without troubling 
ourselves about causes. To accomplisii this completely w^ 
require some knowledge of geometry. But, as we must noi 
suppose every one to be acquainted with the elements a 
mathematics, and as this book is intended for all, we sM 
be able to give only a smiple sketch, or sort of initiation. 

3. Invctition of tJu thermometer. 

Our first requirement is an instnnnent to measute the 
effects of heat That which physicists have adopte _ _ 
called a thermometer. It has many forms, but its essential 
character is to indicate by the changing volume of the, 
substance which constitutes it, whether the space it c 
pies may be warming or cooling. 

The first thermometer appears to have been constructed 
by Galileo in 1597. It depended on the dilatability of th«i 
air. A glass bulb was joined to the extremity of a glastj 
tube, and a little column of liquid introduced into the tube 
by the open extremity (A, fig. 6). By this simple mean^ 
a small volume of air was imprisoned in the instrument, afl4 
this air being separated froju the atmosphere by the littto 
mn of liquid, its quantity always remained the sama 
* an inslrumcnt thus constructed ia put in a warm 
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e Uqaid index iocreases its distance from the bolht 
hows tliat the air conuiBcd gei9 wutatr, and 
i in volume, retaining a pressan Dcariy equal to 
: almosithere, which acts on the index by the 
remiiy of the tube. 

scly. when tiie thermometer is put in a colder place, 
Mumn of water sinks — that is to say, the index ap- 
Ks nearer to the bulb, because the contained air ts 
land reduced in volume. 
1^ savans In Galileo's time 
B themseU'es to the study of 
■momeler, In feci, the fotmda- 
uiodem physics was then laid, 
felt the necessity of creating 
pBDts for observing natural 
Bena in a better manner than 
nm yet done. The thenno- 
tef Cornelius Drebbel, sen of 
it peasant, came rapidly into 
Anders and England. This 
(■Hsted of a glass bulb and 
, fig. 6), containing air ; the 
laced vertically, and its open 
y plunged under some liquid 
' in a little dish. To re- 
quantity of air which 
§Temain in the bulb, il 
\, which causes several bub- ^"^ *~ 
to escape ; after this, it 

o cool The liquid then rises in the tube, and iti 

rves as an index, like that of Galileo's thermometer. 
\ first spirit thermometirr was constructed in the 
fine .Academy, The reservoir has the same form as 
tit is still a glass bulb or cylinder, joined to the 
y of a very narrow glass tube ; but it contains spirit 
I of air. To rejilace the air naturally contained in it 
T liquid, an artifice is necessary. The bulb i* •'^'^ 
e whilst the end is plunged underthe spiriL The air 
Id in the boJfa dilates, and fatibbles through tV»e \\opift 
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wlitlst it (the air) is warmed. Tlie source of heat is reracw 
when the air contained in the instrument cools, ; 

md the liquid rises into the bulb, which it I 
fills. To remove the remainder of the 
bulb, it is again put over the fire, so as to make the a 
i bolL Its vapour mixes with the air, and, rushing out in ii 
f they escape together, At this moment the open e 
I of the tube is quick!)' plunged into the alcohol, and the " 
! heating discontinued. In the process of cooling, the alco^ 
holic vapour which fills the bulb condenses, ultimately 
L occupying but a very small space; so that the pressure of 
I the atmosphere causes the liquid contained in the dish- to 
riie quickly into the bulb. This time it will be entirely 
filled. Yet there is always a small bubble 
of air which it is nei-essary to remove. Te 
effect this, before removing the dish of alcoh^ 
the instrument must be allowed to cool 
thoroughlv; a string is then attached to the 
tube, and it is swung rajjidly with tlie bulb out- 
wards, like a swing. By this motion the heavieit 
particles remove themsslves farthest from the ' 
centre ; the alcohol contained in the tube enters 
the bulb, and the bubble of air contained in 
the bulb approaches the operator's end, and 
consequently can be completely removed from 
the liquid. When this is completed, the iostrw- 
ment is in the state re[iresented by fig. 7. To 
regulate the quantity of alcohol which should 
JjK remain, the bulb must be warmed a little ; the 
r '^■P alcohol then expands, and several drops escape 
I ^^ by the opening, It is allowed to cool; the 
alcohol contracts, and its level will be found 
AJmii^i nearer the bulb than before. This manceuvreii 
Thermooxeier. repeated, if necessary, until its level is found to 
be about a third of the length of the tajje,' 
measuring from the bulb, • 

To finish the construction of the thermometer, it is only 



necessary 



tube ; the glass si 



) direct a blow-pipe ilar 



[ the 



nd of the 



i, and the opening can be closed by 



MERCURIAL THERMOMETER. 

wing it out. There now remains some air canfinflj 
Bve the level, having no coiiimunication with the atmos- 
erc. When (he bulb is warmed, the alcohol expands, its 
riace presses on this air, compresses it, and augments 
elastic force; tltis is.the reason that the alcohol does not 
joiize, and that it can be heated somewhat considerably 
Ehout being seen to boil. An explanation of this phe- 
an will be given further on (Chapter Vili). Ordi- 
rily tlie alcohol is coloured red, that the movements of its 
lel may be more readily followed. 
The spirit thermometer offers several essential advantages 
T those of Galileo and Drebbet; as, owmg to its being 
n, the atmosphere has no effect on the bulk of the 
ohot; whilst in the other two, which are open, the 
nosphere exerts pressure on the index, which varies as 
pressure changes nhile there may be neither warming 
r cooling, ^^'hat we have to observe on the whole is, 
t the displacement of the int/ex in these two instmments 
ffoduced by heat and by atmospheric pressure, and that 
s difficult to discern the specific effect due to each ot 
5e causes. 

About 1G80, mercury began to be used in place of alcohol, 
i it was found 10 possess great advantages, Meicury may 
.made hot or cold quicker than alcohol : as it is opaque, 
nay be very easily seen in the tube, even when this has 
interior diameter excessively small, which condition 
s the instrument more sensitive. It is also easier to 
mercury per:'ectly pure. In fire, mercury may be 
to a much greater ilegree than alcohol, without being 
Dsfomied into vapour. 

A mercurial thermometer may be constructed in the same 
nner as the spirit insiniment, except that there is no 
able of air to remove by the swinging motion, and it is 
: necessary to allow the tube to remain full of air. When 
! necessary quantity of mercury has been introduced into 
L instrument, so that its level may be about a third of the 
Me length, reckoning from the bulb, the latter is heated 
"i the mercury reaches the opening, which is then immq- 
tely closed with the blow-pipe. By this means a ' 



56 THE PHENOMENA AND LAWS OF ilEAT. 

altogether excluded ; and when by cooling the level hax 
again nearly reached the bulb, there is a perfect vacuum 
in the upper portion of the tube. 

So far as we have just constructed it, the thermometer 
will perfectly indicate, by the displacement of its level, 
whether there be a warming or cooling action going on; 
but as yet it does not exactly nimsurt the effect of the he^ 
To do this it must now be graduated. 

4. Graduation and me of the tliermometer. 

It is since the year 1741 that the plan for graduating 
thermometers adopted by the Swedish physicist, Celsius, 
has been followed. Until tiien, there had been no fixed 
plan, and the numbers indicated by various thermometera 
did not accord together. 

On the whole length of the tube of the thermometer a 
scale of equal divisions is marked ; each division is called 
a ihermometric degree, and these degrees are marked by 
consecutive numbers. This graduation must be made in 
such a manner that all the thermometers placed in the same 
circumstances, — for instance, in the same quantity of water, 
— have their levels stationary, after some time, before the 
same number on the scale. The plan of Celsius permits the 
realization of this condition, so that any number of thermo- 
meters may be comjiarcd togeliier. 

According to this plan, the thermometer is allowed to 
remain immersed in ice, placed in a vessel pierced fiill 
of holes, so that the water resulting by liquefaction may 
run out ; when this precaution is taken, the level of the 
mercury will become stationary. Its place is then marked 
on the tube. The thermometer is then immersed in the 
vapour produced by water in full ebullition (fig. S). The 
level rises by the expansion of the mercury, and soon 
becomes stationary. Its place is again marked on the tube. 
Two fixed .loints are thus obtained, which serve to regulate 
the scale. 

. The thermometer being adjusted, for example, on a 
"'niall piece of wood, two marks are made opposite tho 



GRADUATION OF THE TRERUOUKIER. 

fixed points, and the Bgurcs o and too are written 1 
their side.' The intervening space is then diviited i 
one hundred equal parts, the division being enten led to tl 




Iho Ther 

extremities of the tube. Tlie numbers are the same otf". 
either side of zero, as indicated by fig. 9; and to distin- 
guish them, it is only necessary to say that they are above o 
belovi- zero. This graduation is called the Centigrade, and 
it is constantly spoken of under that name. 

The word tanperahtre is adopted to designate the stale a 
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bodies relativel)' to heat When a liody is placed in contac 
irith a theimometer, the mercury rises or fiiUs in the lube 
accordin; as the body is hotter or colder than the thermo- 
meter, and its level stops at some division of the scale. 
The corresponding number represents the temperature of 
the body. 

The thermometer thus serves to indicate the calorific state 
of bodies. If its level is stationary, the temperature is 
constant ; if it rises or falls, the number of degrees through 
which it passes are coimted, and this number represents 
the elevation or reduction of the temperature. 




A mercurial thermometer may have a scale extending from 
40 degrees below zero to 360 degrees above* It Ls only 
between these two temperatures tliat mercury remains liquid. 
At a lower temperature it becomes solid ; at a higher it is 
gaseous, and in consequence it can no longer avail us in 
the circumstances. 

The alcoholic thermometer is employed for measuring 
excessively low temperatures, because this liquid does not 
freeze. As for very higli temperatures, they are measured 
by pyrometers, a kind of thermometer dependent on the 
expansion of solid bodies. 

'I"hus in the manufacture of Sevres china M. Brongnian 
has used the thermometer represented in fig. 10 to estimaie 
the high temperature of his furnaces. 

• In Fslitenheil's stale from 39° below lero to 680 i 



A plaie of porcelain, placet! in the oven, carries a bar of'f 

in let inio a groove, against tbe bottom of which one enti , 

'jf lire iron bar resis, whilst the other end touches a bar of 

'pora-'aiii which passes through the wall of the furnace. 

'his is pressed against the bar of iron by a lever. When it 

heated ihe iron expands, and also the porcelain, but tiie 

■ngthcning of the latter may be neglected ; it is the iron 

wiiich puts the lever in motion. The movement is trans- 

itted by a ratchet and pinion to a needle so constructed 

travcr.*e the divisions of a dial. By this artifice the 

changes produced by heat in the length of the bar of iron 

easily ascertained. 

The scale inscribed on Che dial marks loo" and zero 

(Centigrade) when the bar of iron is placed in boiling 

water or in melting ice; and the numbers rise to 1.500° 

because the iron remains solid until it reaches this high 

temperature. But such a thermometer cannot be compared 

with the mercurial thermometer, as different nurnbers ate 

arly always indicated by the two instniments when placed 

m the same circiimstaoces. 

Physicists use, for precise enperiments, air thermometers 
baving some analogy with that of Galileo ; but it would be 
a digression to describe them more particnlarly. 

Havini; the thermometer, then, we are [irovided with a 
very delicate instrument, which will enable ii-i to obseive 
the phenomena of heat, much as the lelescoiie enables the 
astronomer to observe celestial phenomena. In any experi- 
Dient relative to heat we shall have to follow the displace- 
of the index, in order to note temperatures. 
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S- The mtasuremmt of Heat. 



Our first application of the thermometer is for the purpose 
of fixing the unity of he.it. 

As explained in our first chapter, we are able ti 
tlie quantity of heat that a body disengages by the weight 
of ice that it is capable of melting. Evidently, to melt two 
kilogrammes of ice, twice the quantity of heat is wanted 
than is neccssarj' to melt one. But such a unit is not 
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I. Solar Heat— Ttrresirial Heat. 

'Any given liody is called a source of heat when heat <L 
engugcs froin it, and the loss is at each instant repaired^ 

new production. 

The sun in the most beautiful and the most abundai 
the sources of heat of which we arc able to make use. 
l*ouillet has invented an instrument with which he I 

measured the quantity of heat emitted by tiiis body, 

IS a thermometer, the rcKervoir of which is iiii-'loscd Jn 
A very thin silver bux, filled with water (fig. ii). Tlie 
tube of the thei-mo meter projects from the box by one of 
i;s surfaces, and it is inc]o:;ed in a cojiiier tube, provided 
with s jiroove. so that the graduation may be visible. The 
[•Other surface of the box is blackened with smoke ; this face 
iBhould be exactly perpendicular to the ihrection of (he 
'tube. 'I'iie instrument i.s exjwsed to the sun when there 
are no clouds to intercept its rays, and ilie box is turned in 
such a manner that ihe black face receives the solnr rays 
perpendicularly. The rise in temperature is observed 
durmg five minutes, and a cenain number of degrees 
thus obtained. The number of thermal units necessary to 
make the thennometer rise one degree being previously 
deieriuincd, a simple multiplication will give the additional 
number of sucli units gained by the instrument during its 
tive minule.'i' ex|)osure to the sun. To ascertain the real 
amount of heat tliat has reached the black surface, the 
preceding number must have added to it the heat that tlM 



HEAT OK TH* S 



^3 



on 

i 



raluB loses during live minutes by its own radiation 
'arda the sky; for it is known thai the celestial sjiace 
cooling action on tcrrcilrial olijccls. The exact 
of heat to he added i^ 
itaincd by making in the dark 

another observation analogous to 

the preceding. 

But the whole amount of heat 

emanating from the sun is not yet 

^iscertained, as some iiortion of 

it lias been absorbed by the 

jimosphere. M, Pouillet lias 

i^-ilimated this prupurtion liy 

i:'itnbining a great number ul 

ub.tervations, and he has thus 

been able to calculate the (jii^in- 

tity of heat that reaches the e.irth 

in one year. It is so great ili.u 

ordinary figures would fail t 

'Donvcy an adequate idea of 

must suffice to ol'si-rvc thm 
_ it capable of melting a mass 

•f ice sufficient to envelope Ac 

|;lobe to the depth of 30 metre.i 

(about 100 feet). Only one-half , 

of this immense quantity of heat 

reaches the surface of the soil in 

lSe(]UCnce of absorption of the Tia-tt—Pyrhelhrnatr. 

t«r moiety b^ the atmospheri:. 

Xt we now wish to know the total quantity of heat emitted 
%y the sun, not only towards our planet, but in all directions 
ft once, an em])ty sphere must be conceived, tlie centre of 
which is the sun, while its surface is drawn thruuj^h t!ie 
centre of the earth. Astronomy teaches us that 1,300 millions 
of globes, as large as our earth, plai-ed one agamst another, 
would be recjuired to cover entirely this imaginary sphere. 
It follows that the whole quantity of heal emitted by the 
■un is 3,300 million times that which reaches our earth, 

id which we have just esiiuiatcd. 
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to examine the result of the combustion of carbon in 
oxygen. 

Instead of the phosphorus in the former CKperiment, put a 
niece of ted-hot charcoal in a porcelain capsule, and immerse 
It in a bottle filled with oxygen. The charcoal now,bums 
briskly ; and when it has 
ceased burning, it will be 
easy to prove that file gas 
contained In the bottle is 
no lonj:er oxygen, and that 
the piece of cliajcoal has 
tiiminished in weight. To 
place this beyond all doubt, 
introduce into the bottle 
a small lighted taper, and 
it will cease to bum, whilst 
if the bottle had contained 
oxygen it would burn with 
more activity than in the 
air. This is due to the 
free that the charcoal has 
coraliined with the o\ygea 
,±.-c n.bntioT> of PI ojph .ru! in Contained in the bottle, 
t^hiufii.e. ajirt produced a new sub- 

stance called carbonic add 
gas. It is transparent and colourless, like air or oxygen, 
but it does not support combustion, a character which 
suffices to distinguish .t. When carbon bums in our grates, 
the same chemical phenomena occur ; the oxygen is pr(>- 
vided by the air, and the carbonic acid is carried up the 
chimney by the gaseous cuinnt This current is formed ot 
this gas mixed with vapour of water, with nitrogen, which 
does not combine with carbon, and with smoke or finely 
divid.'d carbon, of which the pulverulent particles are de- 
posited en the sides of the chimney, and there remain as 
soot. Smoke would not be formed if the oxygen was sup- 
plied to the fire in sufficient quantity, because all the carbon 
would bum : it indicates, therefore, an incomplete com- 
bustion. We remain contented with this, because we could 




cxiMBosnoN or carbon- 

ntit provide for complete coinbiistion witliout ^tdopting 

chimneys of a too costly construction. As to tiie ash from 
ihe fire, it is formed by the earthy substances which are 
mixed with the carbon, and which do not combine with 
oxygen. 

Carbon is charcoal in its state of greatest purity. Such is 
plumbago, tommonly known under the name of black lead, 
Above all such is the- diamond, most beautiful of all the 
precious stones, which is found in certain sands of the 
indies and Brazil. The finest diamond in the French 
crown weighs scarcelv twenty-eight grammes, and it is worth 
twelve millions of francs. It is known as ihe Regent 
Diamond, having been bought during tlie regency of the 
Due d'Orleans, If this magnificent jewel were to be placed 
in oxygen, after having been heated to redness, it would 
burn away completely, consuming about 52 litres (nearly 1 1 j 
gallons) of oxygen, and producing about the same hulk of 
carbonic acid gas. 

The (jnantity of heat disengaged by the combustion of 
carbon is known, whether it be in the state of charcoal or in 
the state of diamond, because in both cases it is the same. 

One kilogramme of carbon, in whatever fonn, produces 
by burning in osygen 8,000 thermal units, a quantity of heat 
capable of melting (oo kilogrammes of ice. This estima- 
tion will serve as a new illustration of the immense quantity 
of heat furnished by tiie sun. If the sun were covered with 
a bed of carbon burning in oxygen, and having a thickness 
of 27 kilometres (nearly 17 miles), the heat emitted by this 
gigantic conflagration would be equal to that really given 
out by the sun in one year. 

If we suppose the solar lieat to be really due to such a 
conflagration, the sun being a globe of carbon, it would be 
entirely consumed in 5,000 years. As it has not changed 
in size or in magnificence since the creation of man, this 
hypothesis must be rejected. 

TTie convenient property of coal gas to bum in air has 
furnished us with a source of heat (and light), of which we 
liave lai^ely availed ourselves. The coal being heated in 
close retorts, a gas is produced, n-hich passes by means of 
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pipes into an enormous reservoir, from which it is afcenvanls 
directed by subterranean channels to tlie various quarters at 
the town. Each gas-jet is adjusted to the end of a branch 
pipe from one of these channels, and a stop-cock closes it 
when it is not required to bum. When this tap is opened, 
a jet of gas escapes from the burner, consisting of carbon 
and hydrogen in combination. A little excess 
of pressure maintained in the gas reservoir, 
is sufficient to produce this jet When a 
lighted match is brought near the jet, it is 
heated, the carbon separating from the hydro- 
gen ; the latter having a very great affinity, 
for atmospheric oxygen combines with it to 
form water in a state of vapour ; the carboa 
having a somewhat less affinity for oxygen 
combines next to produce carbonic acid gas. 
These two combinations produce so much 
heat, that a flame is kindled ; this flame con- 
tinues to heat the gas as it escapes from the 
burner. This gas bums in its turn, and thus 
the flame is maintained at the same intensi^ 
so long as the supply of gas continues. 

Let us examine the details of this comr 
bustion ; we shall receive some interesting 
and useful lessons. 

The flame has the form represented in 
figure 13, where the jet comes from one end 
of the straight lube. When the jet of gas 
escapes from a great number of small holes, 
Ca^Fiai'de as is oftcn the case, the flame consists o( 
an assemblage of many small flames, consti- 
tuted as we are about to describe. 

Hold a piece of paper over our simple flame at tlie base 
of the jet, and take it away before it shall have inflamed ; 
we shall see a black circular mark of the outline of the 
flame. From this we conclude that the centre of the flame 
is cool, and that there no combination takes place ; which 
IS easily explained, when we say that the central parts ol 
the jet are not in contact with air. The surrounding parts 
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»re, on the contrary, very hot ; tliey form an envelope whid 
iias left its trace on our paper by carbonising it, and i 
i\-)iich the combination with oxygen takes place, becausfl'il 
o'lt'se parts ate in contact with the air. This envelope h 
the lumjnous part of the llame, and we may notice that it 
consists of two parts, a fact which will lead us to discover 
the cause of its light. Present cautiously a very fine 
metallic wire, and you will observe that it becomes red-hot 
before reaching the luminous border of the flame. There- 
fore, there is a first stratum or layer, quite outside, iri which 
the heat is very great; it is in this slratum that the com- 
bustion becomes complete. Into the luminous stratum 
which it covers, the oxygen of the air does not penetraie 
sufficiently to effect the combusiion of the whole of the 
carbon. The carbon then is set free for a short space ; it 
leaves the hydrogen, which, more mobile than itself, in- 
stantly combines with the oxygen of the air, and it is not 
until a little later, when arrived on the outside of the flame, 
that it bums in its turn, of course subject to the condition 
that the air is supplied in sufficient quaniity on all sides : if 
not, it will remain free, and, growing cool, will lose its 
affinity for oxygen, to maintain which, a liigh temperature is 
necessary ; in this case it will appear as smoke. It is in its 
passage from the inner to tiie outer part of the flame that 
the carbon, being free for a moment, and at tlie same time 
strongly healed by the outer stratum, becomes luminous. 

To sura up, there are three parts to be considered in a 
flame of gas : the dark central part, where there is no cora- 
busrion, but where the carbon commences to separate from 
thehvdrogen; the luminous stratum, where the carbon is 
for a moment free and heated to whiteness ; lastly, the 
exterior bluish stratum, which is the hottest, and in which 
the combustion is completed. 

It will now be understood why the form of the burner is 
of such importance, and also the modification it should 
undergo, according as it is required to supply light or heat. 

If li;,fht be required, it is necessary to preserve the carbon 
lor some instants from the action of the air, and yet not so 
long that it can become converted into smoke. If, on the 
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contrary, heat be required, the carbon must be burned as 
quickly as possible, and not alioweil lo remain free. The 
celebrated German chemist, Bunsen, keeping these facts in 
view, has constructed a gas-burner which answers perfectly 
as a source of heat. 

The Btraifiht tube from which the gas-jet issues, is fixed in 
the axis of a wider tube, pierceil near its base witli a number 
of small holes {fig. 14). The air, entering by these holes, 
becomes intimately mixed with the coal gas, and, of coursCj 
the proportions of the mixture are regulated by the size rf 





holes. It bums at the ujjpti- extremity of the wide tube, 
as shown in the engraving {fig. 14). «"'> ^ very pale bul 
nevertheless very hot flame. If the small air-holes be 
stopped up, the flame will becoine more luminous, and lose 
a proportionable amount of heat. This experiment demon- 



strates, in the simplest manner, the exactit.:de of our 
reasoning. 

If the object of this little work was limited to the con- 
sideration of heat, what a variety of interesting plienomena 
would 0ame furnish us with. Here, for example, is an 
ordinary taper (fig. 15). Observe the little crater of white 
wax, in the centre of which rises the blackened wick, and 
at the same time inclines itself a little on one side. The 
heat of the flame is continually consuming, and as con- 
tinually renewing, the supply of luelted wax, which is the 
combustible materia!. The parts farthest from the wick are 
the last to be melted ; the liquid collects at the base of the 
wick ; it rises by the thousand small interstices of the 
Iwisied cotton which forms it. precisely as the coffee which 
you touch with a lump of stgar spreads immediately over 
the whole piece, and fills all its pores. This melted wax 
again is a combination of carbon and hydrogen; heated in 
contact with air it is reduced to vapour, renewing inceS' 
santly the supply of gas round the wick. After this point 
is reached all happens just as in the preceding experiment 
You can distinguish in the flame of the taper the three 
parts which we have already studied in the gas flame. The 
wick remains blackened in the central part Its bent 
extremity presents a little red-hot point in the exlerior 
envelope ; at this point it is submitted to a very high 
temperature in contact with air, and is consumed entirely, 
which causes it to shorten as the taper is used. The curve 
of the wick is determined by the manner in which it is 
twisted. 

Among the numerous curious experiments which have 
been made with a burning candle, the following will serve to 
further confirm our theory. Frankland, being in the year 
1S59 at Chamounix, at the foot of Mont Blanc, weighed 
six candles, and made them burn for one hour in the town ; 
he weighed them again, and thus measured the loss in weight 
that they had sustained by the transformation of a certain 
quantity of the wax into carbonic acid gas and vapour ot 
water, during the combustion. Afterwards, he carried the 
same candles to the top of the mountain, about 1 
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ill lieight, and again made them burn for an hour, whilst 
ahehered from the wind under a tent. The combustion 
seemed very feeble ; the flames were pale, and yet, on 
weighing the candles when returned, it was found that 
the quantity of wax consumed was nearly equal to thiit i: 
the ex))eriraent at the foot of the mountain. Consequently, 
the combustion had in both cases an equal energy ; only at 
the top of Mont Blanc the pressure of tlie air is less by about 
one-half than it is in the valley. As a consequence, it is 
much more subtle ; it penetrates the flame more easily, and 
does not leave the carbon free for an instant. In accordance 
with this, it would be reasonable to suppose that, with a 
sufficient pressure, the flame of the same candles would 
become smoky, the compressed air being insufliciently mobile 
to allow it to enter the flame, and coolfng the carbon 
sufficiently to prevent its burning. Dr Frankland, indeed, 
proved this to be the case somewhat later. 

In this manner an able observer not only explains natuial 
phenomena which present themselves to him, but is also 
enabled to predicate other new phenomena, by a method ot 
reasoning which is called induction. The verification of a 
foreseen result is a discovery which extends our knowledge 
beyond its own immediate bounds, and the joy of the 
philosopher when he has arrived at the desired end is so 
great that he soon forgets his fatigue. The celebrated 
physicist Rumford, referring to an experiment made in 
179S, acknowledged frankly that its success filled him with 
so much childish delight, that he felt it would be well to 
hide his joy if he was ambitious of the reputation of a 
grave philosopher.* Butthecontemijlation of the marvels (rf 
nature suffices to render a man simple and modest ; his pride 
vanishes in presence of the unfolding grandeur of creatic 

Amongst the combustibles in use, hydrogen disengages 
most heat when combining with oxygen and producing 
water. With equal weights it disengages a quantity of heat 
more than four times that disengaged by carbon. It cannot, 
however, be advantageously employed, as it must be pre- 
pared by chemical processes and preserved in veiy large 
* Lessons on Heat, by Mi TyodalL 
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'oirs, it beir,g about thirteen limes lighter Ihan air bulk 
for bulk. Pure oxygtn must also be made for this purpose 
and Vept in special reservoirs. Ii, therefore, is also an exj^rn- 
sive 3-i.nt to be employed in the production of lieat- and for 
this reason it can only 
be used in certain cases, 
when ihe ordinary me- 
ilioils are insufficient. 
For example, M. Henri 
b"jif.te-Ckire Devillehaj, 
arranged the oxy-hydrn- 
gen blowpipe in the fol- 
gXtving manner, for the 
^fision of platinum, a 
betal as precious n.s 
told sometimes used for 
Binting, particularly in 
ssia, and which can- 
melted in an 
Klinary furnace. 
The oxygen is sup- 
Bied by a copper pipe, 
minated by a plati- 
l jet ; the hydrogen 
lupplied by a con- 
'c pipe, wliich in- 
tlie former and 
which the extremity 
P also made of |ilatintim 
i6}. The gaseous 
pixture being kindled, 

'r'ely hoi, pale-coloured flame. 'I'hc 

jet is fixed in a narrow cylindrical hole pierced through 

a blo<~k of quicklime, which is placed like a lid on a 

_wssel of lime. This vessel is pierced with holes at the 

ise, so as to allow the vapour of water, which results from 

e combustion, to escape ; and it incloses a crucibtr, also 

ide with quicklime, in which the metal is placed. The 

Bme envelopes the crucible on all sides, and the platinum 
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melts. With five gallons of oxygen and ten gallons of 
hydrogen, one pound (Troy) of platinum may be meited 

3. Hmt produced by mechaniial motion. 

Next to chemical action, mechanical movements offer us 
the most important means for the production of heat Me- 
chanical motion, indeed, may be called the one universal 
source of heat throughout the creation, and from it all otiier 
means are derived. 

It is hardly possible to imagine a time when tiie fact that 
friction proilures lieat was unknown. Seneca observeil tliat 
the shepherds procured fire by rubbing the extremity of one 
piece of hard wood in the cavity of another ; and this 
method is still in general use amongst savage tribes. Pivots 
in machinery become heated by friction against their 
cusliions ; the nave of a wheel often takes fire by rapid 
turning. It is well known that fires have been caused on 
railways in this manner; to prevent such accidents some 
fatly matter has to be interposed between the rubbing sur- 
faces, and it requires to be frequently renewed. When the 
friction is very violent, there is a rending asunder of the 
parts.and the heat produced becomes verygreat Thus,a steel 
wheel rubbing against a flint throws out particles of red-hot 
iron, and attem|its have been macte to use this method as a 
source of light for coal mines. When we strike a light with 
the old-fashioned flint and steel, we act in an analogous 
manner ; the particles of red-hot iron produced by friction 
and the shock of the stone fall upon the tinder and set it 
on fire. 

The turning of metals offers some remarkable examples 
of heat produced by friction. In one of Rumford's ex|jcri- 
ments, a casting intended for a cannon was fixed on the 
lathe to be bored. A cavity was made at one of its ends, 
and a blunt borer adjusted, so as to develop intense fiict'on 
at the bottom of the cavity ; afterwards it was surrounded 
with water. The borer being put io action, hollowed out 
the piece, and tlie heat developed by this mechanical opent- 
(ion reduced into vapour nearly nine quarts of water i: 
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noun end a. half. The hammer wliich scnkes a piece vf 
metal on the anvit heats it Alea<len bullet 6red against an 
iron target has been known to melt in the act of strikiDg. 
Silids, liquids, gases become heated when compressed ; 
physicists have invented several exf>eriments to exhibit thi» 
effect of compression. With soliJ or lii^uid bodies whkh 
ire compressible to a sm.dl extent only— that is to ray. 
which diminish very little in volume when unditt yr&ii pres- 
flire— the production ofheat is small. Thus, to elevate the 
temperature of ordinary etiier 6* only 
(about 10" or 1 1" Fahr.), it is necessan' to 
encit a pressure of 30 atmospheres— />., 
t |)ressure thirty times greater than thai 
of the atmosphere. 

To appreciate this illustration, imagirie 
iqrlinder {6g. 17) containing a litre of 
<iuid. This cylinder is a square deci- 
netre in size, and in consequence the 
eight of the liquid is one decimetre. "^"^ "7 -"-■""F'-'^w "i 

sure of the atmosphere on the 
liface is equal to that of a piston weighing 103 kilo* 
This pressure is transmitted by the liquid to the 
■8 of the cylinder, so that we may say the surface of the 
flier receives a pressure of 103 kilogrammes for each square 
decimetre Now place a piston weighing 103 kilogrammes 
a the surface of the ether ; it will be compressed at the 
ime rime by the piston and the atmosphere ; the total 
pressure wili be 106 kilogrammes, or 2 atmospheres. Fur- 
her, put on the piston a weight of 103 kilogrammes, the 
Dtal weight resring oa the surface of the ether will lie 309 
lilogrammes or 3 atmospheres. Suppose this multiplied by 
ten — i.e., 103,090 kilogrammes — and you will have the idea 
of a pressure equal to 30 atmospheres. Well, under these 
conditions the lemperalure of the ether will be elevated by 
"tf C, and the volume of the ether will be diminished by 
tboiit 4 cubic centimetres. 

Gases, above all, become heated by compression, their 
volume also suffering considerable diminution, 'i'iie ad- 
joining woodcut (fig. 18) represents an instrument depi 
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I deal on this pnirfTTy. Il consists of a glass cylinder, one 
V. euieuii^ of which can be henoeticallT closed by a screw 
stoppiT, iatcmaDy hollow, ant! in which also a 
piston iroits. 'I'o use it. the piston is placed at 
the oj-en extremity of the cylinder, the slD|}[>er 
is tmscrewed, and a piece of tinder put in its 
OivitT. It is then screwed up again, and thus 
a certab quantiiy of air is inclosed in the appa- 
ratus in contact with the tinder. Now pus,h llie 
l>iston down shaiply ; the bulk of this air wfll 
become veiy anaJI, its elastic force reiy great, 
and it will f^xmtaneously develop enough heat to 
nuke the tind^ catch fire. Chi again opening 
dse stoj^ier, the tinder will be found buming. 

In ail these ciperiments on heat produced by 
compression, it is necessary to exercise the 
mechanical effort with considerable quickness, 
without which the heat developed is comniu- 
nicate<l to the neighbouring bodies, and its 
effect is no longier the same. By jilacing the 
body to be compressed ic a resen'oir, niade of 
some material which is a bad conductor of heat, 
such as glass. astA by acting very quickly, tjie 
loss is but slight ^^— 

4. Heatproductd by mtdianiml vserk ^^^H 
fqtih<a/ent to the work done. ^^| 

.\11 the phenomena slion-n in the above expe- 
riments, the form of which may be infinitely 
varied, are marked by a common chnracier, 
discovered a few years since, and which it is 

necessary sliould be clearly understood. But, 
first, it is indispensablt? to have some notion of 
mechanics. 

cannot put itself 
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to all the changes nhich depend on the meEhod of acdoft 
of the force; but if it is suppressed, the body continues 
to move in a straight line uniformly, without power in itself 
to change this motion ; it shows ineviiabiy, by virtue 
of the law of inertia, the impulse which the force has given 
it, and this lasts so long as a new force does not interfere. 
This is one of the fundamental properties of matter. 

It is impossible to find in the universe any body which is ■ 
not in subjection to some force; because all bodies attract 
each other, mutual!^ following the law of universal gravi- 
tation, and it is this attraction which causes our globe to 
describe its annual circle round the sun, the moon to turn 
roimd our eardi, and all the celestial bodies lo move in 
space. 

In a great number of cases a body may sometimes appear 
to act as if no force were acting on iL For example, when 
we consider its state in relation to ourselves. Thus, a body 
suspended by a string is really, like ourselves, dragged along 
by the movement of the earth; but we say that it is at rest, 
because we abstract in idea this common motion, and thus 
simplify our reasoning. 

The body suspended by the cord is relatively at rest ; and 
yet it is attracted by the earth, and if it does not rush to 
meet it, it is because the cord holds it. Where, in this ex- 
periment, do we find the principle of inertia ? The cord is 
stretched, because ihe earth attracts the body : the force 
which stretches the cord is called the weight of the body, 
which must not be confounded with gravity, the name by 
which we de.iignate the cause of terrestrial attraction. The 
cord resists this tension, and this resistance may be said to 
neutralize tlie weight. The body is, therefore, submitted to 
the simultaneous action of two equal but contrary forces 
which destroy each other, and, in giving this explanation, a. 
simple fact is expressed, such as observation reveals it. 

Now cut the cord ; its resistance no longer neutralizes the 

weight : we have thus suppressed one of the two forces ; the 

other remains, that which is due to gravity, and the body 

falls. Its movement is not uniform, so long as gravity alone 

kActliates it. In the first second, it falls, let us say, dirough 
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49 decimetres ; three times farther in the second, five times 
farther in the third, seven times farthei in the founh, and 
so on. When a body falls there is an expenditure of 
action, or work done, the exact measure- of which is ascer- 
tained by multiplying the weight of the body by the distance 
through whicli it passes. If it weighs one kilogramine, and 
it falls from a height of 425 metres, it is said that a work is 
. effected of 425 kilogram metres ; the body has then acquired 
a certain energy, of which one manifestation is the speed it 
possesses. 

If, by any artifice, the supposed body weighing one kilo- 
gramme were freed from the influence of gravity after its fall 
of 425 metres, the body would, by virtue of its inertia, con- 
tinue its vertical motion ; but in this case, the rate would be 
uniform, it would travel at about the rate of 91 metres per 
second. So long as this uniform motion continued, no fresh 
work would be spent ; the energy of the body would remain 
the same. The number g i metres, measures its speed after 
the fall of 425 metres. Suppose that the assumed body 
weighing one kilogramme were a perfectly elastic ivory ball, 
and that, after having fallen at the distance of 4 25 metres, it 
strikes againsta marble slab firmly fixed to the earth ; in thi$ 
case the ball would rebound, and if the slab were perfectly 
horizontal, it would again rise to nearly the height of 425 
metres. Having reached its starting-point, it would remain 
an instant at rest; and if at this instant gravitation ceased to 
act upon it, it would remain at rest for an indefinite period. 
I>et us now inquire what really happened when the ball 
struck against the slab of marble. 

The ball has been flattened, and the slab has been 
slightly depressed at the point of contact. This fact may 
be demonstrated by rubbing a little grease on the surface ol 
the ball : after the shock, a circular spot will be seen on the 
slab, indicating that contact has taken place at a great 
number of points. Now, a spherical ball can only touch a. 
plane in one point; therefore the L:ill has been flattened, and 
its shape altered by the blow. On the other hand, the 
surrace of the slab has been slightly depressed, but so ivry 
slightly, that we need not take it into account. This is a 
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Bijpcessary condition to enable llie ball to rrbound to neaily 
^ne same height as that froin which it felL In other word^ 
^ne niarble slab being su|tposed |>erfectly inSexible, the Aat- 
^Kning of the ball iias alone to be considered. 
H^ The ball has been progressively flattened while its speed 
^bs being annihilated, and at the same moment at which the 
^Ktttening had become as great as possible, themotion ceased. 
^Kie ball tlien resumed its primitive shape, still continuing 
^B contact with the slab, from which it dues not separate 
Hpttil it has eotircly. regained its form. At that monveni it 
Behounds. 

B As the ball rises, gravitation influences it so as to retard 

H^ motion by resistance. I'here is also the resistance of the 

^Er, which acts with the same eflect as gravitation ; but this 

HJL very small, and we may neglect it When the ball has 

Bp ome to a state of rest, at about the height of 415 metres 

Khc force of the resistance overcome— in other words, the 

[amount of work^has eiiaalled 41$ kilogram metres. Tbuc 

Kjhe quantity of force developed by the lall of a body i» 

r tapable of making the same Iw.iy rise to a height equal to 

that of its fall ; and when liiis ascent is effected, it Js entirciy 

consumed. In genera!, we sliall call t/ai/ work the effect 

of a force which nuakes a body move, an<l prodmed vorit the 

—jelTecl of a resistance nliich is surmount^l by a body in 

tvemenL In our examjjle, Uierc is a worit ^pent duriitg 

: fall equal to 425 kilogrammetres, and equivalent work 

broduced during the rise 

1*he experiment we nave just imr^ned is meant to eipUtn 
; meanmg of Ike (omervali^H e/ jorce, which is one "!' ibe 
scs of mechanics. 

When a lorce has acted on a body and has pat it in 
notion, it confers on it a ccrtaio ener^ which meaMTCs tbe 
work spaii. 'I'he body loses tbk energy in the Act vf Mf- 
mounting resistance, and pradmes woric e<{ual to the f^ 
^ceding. It is this fact we have just observed. Ve«Yoften» 
^uody loses its energy in a diSeient way, — nameiy, by ir^i>»- 
^Elilting it to another body, and bringing itself to a Kate of 
^^bsL But then the liodies which haie acquired thi* en 
^Btee It in their torn by an equivalent productkn of • 
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MECHANICAL EQUIVALENT OF UEAf, 

in the preceding experiment amounts to what it has beeti' 
agreed to call one thermal unit 'I'he appellation meckaniau 
equivalent of heal has been given to the aroonnl of 425 kilo- 
grammetres by M. Mayer, one of the founders of the new 
ilitory. If we perform the last experiment with a body of 
jny weight whatsoever, falling into the water from any 
iwight, there will be a number of thermal units created equal 
m the number of times 425 coDlained in the number of kilo- 
grammeires expendeil : for example, if the body weighs two 
kilogrammes, and falls from a height of S50 metres, there 
will be 1,700 kilogrammetres expended, and four thermal 
units created. 

We have already discussed the mechanical equivalent of 
htai {end of Chapter II.) in connexion with the subject of 
ihe production of work. Here, therefore, it will suffice to 
express the principle: when heat is made to overcome 
resistance, one thermal unit disappears, whilst 425 kilo- 
grammetres are produced ; and, on the other hand, when 
heat is created by mechanical motion, one thermal 
appears, whilst 425 kilogrammetres are expended. 

The same correlation exists between mechanical work and 
heat in all the cases in which [lercussion, fall, friction, 
compression develop heat In all experiments made with 
the object of measuring this correlation, there are two kinds 
of observations to make. The first are de6tine<l to make 
known, by calculations based on mechanical laws, the amount 
of work expended ; whilst the others serve to calculate, ac- 
cording to the laws of physics, the amount of heat created. 

To lake a single example. Two or more plates of copper, 
fixed to a vertical axis, are completely subni^ged in water; 
a siring being wound on the axis, passes over a pulley, 
is stretched by a weight (fig. 19): a thermometer is placed 
in the water, and the several weights of the water, the vessel, 
and the copper plates are known. Thus arranged, the 
weight is allowed to descend Gravitation ia the motive 
force, and the work effected {travail muteur) can ' " 
measured by multiplying the weight by the itittancc 
passes through in descending. The revolving platet ajfiuK 
tlic water, and from the friction which take* [ilacc roultt 
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ihe disengagement of heat. The rise in temperatu 
marked by the thennOTneter, and thus we have all the 4 
necessary to calculate the quantity of heat createH. ASW 
•'"■ work expended, there are several things to be t 







sidered. As the descending weight is stopped on reaching 
the earth, it might be thought sufficient to multiply the 
height of the fall by the value in kilogrammes of the weight. 
This product would in fact represent the available work, but 
it is not entirely expended by the friction of the revolving 
plates, and thus transformed into heat. A part is employed 
to overcome the resistance of the string, and that of the 
air, and another part to produce a Utile heat by the friction 
of the pulley, and that of the axis which carries the plates. 
Tliese ditferent portions of lieat are not appreciated by the 
thermometer. Then, when the weight touches the earth, 
there is a blow or shock which creates heat, and which 
cannot be measured. It would be possible to estimate the 
luantity of work thus expended by certain i 



MECHANICAL FORCE CONVERTED INTO HEAT. I^H 

>bich it would be tedious to describe ; and by subtracting 
|ti& sum from the whole available work produced by the 
lest-cnding weight, we should obtain the exact quantity 
compared with the heat measured by the thermo- 
*Such is the celebrated experimenl made by Mr Joule 
pbout 1S43. 



>( grand natural phmomma in whuA muham 
force is converted into Heat. 
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us leave the laboratory, and take a 
from the fatigues of our long ai^ument whilst contemplating 
the grand natural phenomena in which heat is engendered 
-by causes similar to those we have just studied. 
L For instance, we are travelling in a railway train. When- 
ever the train is about to stop we hear the grinding of the 
Hbreak, which is pressed against the wheels for the purpose 
Hpf checking the motion. The train represents an animated 
Htiass travelling at a great speed ; by the friction of the 
Hpreak, this mass is brought to rest, and heat is created on 
Bflie rubbing surfaces. The work which has been spent in 
Kgiving to the train its speed, is equivalent to this heat. The 
Krnin starts again : the piston being pressed by the steam 
■transmits the t-ffort to the driving wheels of the engine ; these 
Hn their turn transmit it to the rails, and these react. It is this 
Reaction of the rails which makes the train advance— a real 
Kxterior force pushing behind. If the friction ceased, and 
B|f the rail were ptTlecfly horizontal, the train would behave 
Hike a body removed from the action, of gravity, and which 
B).i" received ^n impulsion. It would move uniformly by 
Kpasou of its inertia, without a renewal of the impulsion or a 
HSfCsh expenditure of motive work being necessary. Kiit fric- 
^^on always takes place, both at the axle-tree and on tile 
MlaiL This is the reason, in the hypothesis of a horiiiontal 
HlDad, that it is necessary to keep the steam in action to 
■iRaintain the force. The motive work which the machine 
^Kxpiends is said to be employed in overcoming friction. In 
^Mality, it is enijiloyed to create tne heat which accompanies 
Hbe fcction ; and as this work is atfecied by the expenditure 
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of the heat disengaged by the taambuslible in the furnace 
of the maciiine, it may be said that the function of th< 
steam is to absorb the heat from the fire, and that of Che 
rubbing surfaces to make an et[ual quantity of heat re. 
appear, which, of course, passes freely off. In this inannel 
nothing is tost in nature, and the whole difficulty consists in 
following the transformation of forces. In the motion of a 
train over the horizontal road, the heat of the fire is con- 
tinually being transformed into meciianical work, and ti« 
work itself is being continually reconverted into frictiontd 
heat ; the motion of the atoms in combustion is transmitted 
to the larger luasses of the train, and these masses in tlieii 
turn transmit it to other atoms by the operation of friction. 

We can now understand the importance of greasing the 
axles of wheels sufficiently. If the person chaiged witii 
this duty neglects to renew the grease contained in the 
boxes attached to the end of the avles, the triciion beconi« 
more intense, the amount of heat created augments, and 
the stoker is obliged to burn more coal or carbon. There 
is, at the same time, a risk of fire and increased consump 
tion of the combustible materials, both which should bt 
a\'oided. 

Let us visit the falls of the Rhine, the finest cataract ia 
Europe. The waters of the stream fall from a height ol 
ao metres (about 66 feet), with an expanse of too metwa 
(about 330 feet). Nature has placed this immense u6sUiA 
across the bed of the river, and graWtation makes every 
kilogramme of water which arrives on its crest to fall thd 
height of 20 metres. There is, therefore, a work of 20 kilo* 
grammetres converted into heat, exactly as in the case of th^ 
falling weight already discussed. The speed of our kilo> 
gramme of water increases in thf fall; afterwards thi| 
increase is extinguished in the whirl and turmoil of the 
waters, for the current of the river is not more rapid on one 
side than on the other at some distance from the fall. It is. 
in the midst oFthe boiling waves at the base of the cataract 
that the mechanical effect of gravitation is replaced by heat, 
A mass of water of a t kilogrammes engenders in this fall 
one thermal uniL Admit that 210 cubic metres of water fall 



VmLBKAT. 



hydrogen forming in the b&sues of the plant those sul 
stances sought by animals for food. We are led to beliei 
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this decomposition spends heat, and that this i 
•s from the sun. 



VITAL HEAT. 



drogen forming in tlie tissues of the plant those suli- 
inces sought by animals for food. We are led to believe 
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THE FBENOMENA AND UWS Of BEAT. 

^lished metallic surface of this kind is called a buroing- 
miiTor, and the point at which the sun's heat is concen- 
trated is tiie focus. The phenomenon exhibited by the 
mirror, and from which results the formation of a focus of 
heat. ' 




I 



A burning-mirror of large size is repiesented by fig. t]. 
Its frame carries three converging bars, which provide tlie 
focus with a support to carry the substances to be submitted 
to the reflected rays. Very large burning- mirrors have bceo 
made, and it is on record that they have displayed remark- 
able power. The IVIiirnhausen mirror, constructed a^ 
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DS87, was made of copper ; it had a diameter of about 70 
inches, and its focus was about 6 feet from the surface. It 
melted copper and silver, and vitrified brick. In 1757, 
Berni&res constructed for Louis XV. a burning-mirror made 
of tinned glass, of much greater power. In this kind of 
mirror, a layer of tin-amalgam is deposited on line convex 
surface, and the rays which reach the concavily traverse the 
glass, and, being reflected back from the metallic surface, go 
forth again by traversing the glass a second time. There is 
certainly a small amount of reflection on the concave surface 
of the glass ; but its effect is much feebler than that from 
the tinned surface. Among celebrated experiments, we may 
mtion that of Mariotte, who ignited gunpowder with 
k mirror constructed of ice ; and, above all that, of Buffon, 
■rho succeeded in burning wood at a distance of 200 feet 
Fora the mirror. His apparatus was composed of a hundred 
fax mirrors of tinneti glass, each a superficies of six inches 
Iquare, and adjusted with hinges to a frame ; so that the 
^ole constituted a spherical surface. This experiment 
the possibility of the well-known legend of Archi- 
"That philosopher," says the historian Zonaras, 
^having received the sun's rays on the surface of a mirror, 
lith the help of these rays, gathered together and reflected 
r the iraperviousness and polish of the mirror, inflamed the 
air, and lit a great flame, which, he threw entirely over all the 
vessels that were anchored within the sphere of its activity."* 
This incident is supposed to liave occurred at tlie siege ot 
Syracuse by the Romans, whose vessels were burnt with the 
help of burning-mirrors. We h.ave just seen the possibility 
of lighting wood at a great distance by joining together a 
number of minors ; but we can better understand the ex- 
pression of the historian, by supposing that Archimedes 
used mirrors to set on tire combustible substances, which 
were afterwards thrown over the enemies' vessels. 

We shall now proceed to show that the laws of the 
reflection of heat are the same as tliose of the reflection ol 
light and sound. 

Take two concave mirrors of polished copper, exactly 

^^F ' * Trnite de Physique de Daguin. 
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[■ Blik& The refiecling surface is understood to be strictly 

spherical^ — ^that is lo say, all its points are at an eqiiai 

distance from a point called the centre of the curvature. 

An imaginary straight line passing through the centre and 

I the middle of the surface is the axis of the mirror. To 

Lnake the experiment we place our mirrors face to £ice (fig, 

■ 94), in such a manner that their two axes exactly coincide. 



i 



k 



Fio. 14.— Tm opposiKl MiiTon. 

Now put some pieces of lighted charcoal in a grate of iron 
wire, and place this grate near one of the mirrors, in the 
line of the axis and at an equal distance from the mirroi and 
from its centre of curvature. If we operate in the dark, we 
shall find, with the help of a small piece of paper, that a 
focus of light is produceti before the second mirror at a 
point situated on its axis, at an equal distance from the 
and from its centre. The explanation of tliis is as 



COftREtATION OF HEAT, LIGHT, AND SOUND, 

3 : — A ray starting from the incandescent carbon meett^ 
the first mirror; it is reflected in a direction parallel to the 
axis, and necessarily strikes against the second mirror ; it is 
reflected again thence, and passes by the focus. All the 
rays of light received by the first mirror travel similarly, and 
meet in the focus of the second; hence the concentration 
of light. If this reasoning is exact, we should be able to 
remove the mirrors to a greater distance apart, without 
changing the effect, and this indeed may be proved. 

At the focus of light opposite the second mirror place 
some tinder or gunpowder, taking care to interpose between 
the mirrors a wooden screen to intercept the rays. Directly 
the screen is removed, the inflammable matter will take fire, 
and we shall have proved, in a striking manner, that the 
focus of heat coincides with that of light. In a word, that 
heat-rays travel in the same direction as light-rays. 

Take away the charcoal, and put a watch in its pli 
shall not hear the sound of its ticking in the neighbourhoodl 
of the second mirror at a spot taken by chance. But if vft 
place our ear at the exact spot that our preceding experi- 
ments have determined to be the focus of the mirror, we 
shall hear it distinctly, although there may be a distance of 
several yards between the two mirrors. It is thus proved 
that the propagation of sound follows the same law as that 
of heat and light. What then is sound ? 

A sonorous body is animated by an oscillatory move- 
ment ; its entire mass is in vibration, and each of its 
vibrations produces on the surrounding air a pulsation 
which is transmitted to our ears. The impression received 
by this organ is followed by the sensation which we perspic- 
uously distinguish from other sensations by calling it sound. 
The direcrion in which a series of ]Dulsations is transmitted 
through the air is called a sonorous ray. In any treatise 
devoted to the philosophy of sound w411 be found experi- 
mental proofs of this mode of transmission, which, more-' 
over, is analogous to that of liquid waves. In our exp 
ment, each sonorous ray reaches the ear after two reflecti 
from our mirrors. 
^B The rays of heat and light behave like the rays of sound. 
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THE FHEKOllENA AXD LAWS OF HEAT. 

IroagiDc, in place of the vibrations of the sonorous body, 
those of the ether contained in the source of sucii heat and 
light, and, in place of the pulsations propagated through 
the air, analogous pulsations propagated through the ethei 
comprised between the two mirrors, and you will have a kind 
, of picture of the radiation of beat and light 

a. Reaction of Heat. — Burning-glasses. 

The heat that falls on any body whatever is not entirely 
reSected. Generally, a portion-is absorbed; it is employed 
to warm the body, to raise its temperature, or even to melt 
it or to vaporize it- Another part traverses the body as 

light passes throui;h the glass of our ivindows. The metals 
which we have used in the construction of mirrors com- 
pletely absorb that part of the heat which is not reflected; 
they are not traversed by any ray, whether calorific or 
luminous. In other words, the metals are not transparent 
either to heat or light. For this reason they are employed 
as screens ; it is the same with wood and with stone. 

The study of the transmission of heat will conduct us to 
the fundamental laws of radiation, to those which explain the 
infinite variety of the phenomena of propagation. Already 
the study of reflection has taught us in what sense lo accept 
the word ray, and how we can follow a ray in thought so as 
to explain the facts which we observe. It is sufficient to 
remark that we can feel the warmth of tlie sun's rays 
through a pane of glass for it to be understood that glass ii 
transparent to the sun's heat. Imagine a piece of clear 
glass having the form of a lens, and presenting tivo spherical 
convex faces, (fig. 35-) Place it in the sun, we shall find, 
with a piece of paper, a point where the Mght is concen- 
trated ; this point is on the side of the lens from which 
the rays of light and heat escape ; it is called the focus. 
This observation shows that a ray of light in traversing the 
lens deviates from its original direction ; we say that it is 
refracted, and we call this change in direction refraction. 
Now, the heat is equally concentrated at the same point ; 
because the paper takes fire there. If we place the bulb 
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I diermometer in the focus, the mercury rises rapidly 
^^. : tube, a fact which shows the heating power lo be 
Tery considerable ; whilst, if the ihennonieter is not exactly 
■; the focus, the mercuij- rises only a few degrees. There- 
M-re the heat rays are also refracted, and they follow the 
i.iine route as those of light : a new result which, like that 
:!rMirded by reflectiouj proves the analogy between heat 
^nd light 

The property of burning-glasses was known long before 
ilje Christian era. It is indicated in the following dialogue 




which occurs in the " Clouds" of Aristophanes: — "Have 
you seen at the druggists' shops the beautiful transparent 
stone which they use to produce fire?" — "Do you mean 
^lass?" — "I do." — "Come, what would you say, pray, it 
I were to take this when the clerk was entering the suit, and 
were lo stand at a distance, in the direction of the sun, thus, 
and burn up all the writings?" 

The burning-glass of Tschirnhausen was about three feet 
in diameter, and it even melted gold. In 1763 experimenti 
were made in England with a lens of ice, 10 feet in diameter, 
which was exposed to the sun, and in the focus of which 
gunpowder was ignited, BufTon constructed a liquid lens, 
by uniting by their edges two large plates of glass, having 
the shape of watch-glasses, so as to form a kind of lentic ' 
trough, which was filled with liquid. The most ] 
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form than that of the lens, we shall arrive at fresh results 
much more importaut in relation to the constitution of 
calorific rays. It is only by slow degrees that we arrive at 




troth. Each discovery we make is but a step in advance 
which prepares for further progress. 

, Physical idenUty of a ray of light with a ray of Heat. — 

Luminous atid calorific spectra. 

^For a long time the analogy only of radiant light and 

(at was admitted : it is since the recent works of the_ 

Melioni that we have been led to adm 
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identity. It is now generally believed that the 
heat and light send through the ether pulsations of only 
one kind, and that these pulsations may differ among them- 
selves according to the rapidity of their succession ; much 
as shrill sounds differ from deep sounds in the greater 
rapidity of the vibrations of the sonorous body. A ray 
which propagates in the ether a series of very rapid pulsa- 
tions acts specially on our eye, and determines there a 
sensation of light, because the nerve of the eye is organized 
to that end ; on the contrary, a ray which propagates a 
series of slow pulsations, makes no impression on the eye, 
whilst it affects the nerves of our skin, and causes there a 
sensation of heat But there is no essential difference 
bttween these two rays so far as the motion which they 
represent ; mechanically, they are of the same kind ; they 
differ only in their quality relatively to our senses. 

As the clear understanding of this conception is inti- 
mately connected with that of the propagation of sound, it 
maybe useful to recall several experiments which have been 
made in the latter branch of study. First, let us supjiose 
we are provided with a wheel made of copper, the circum- 
ference of which is cut into thirty-four e(]uidistant teeth ; 
this wheel being capable of turning on its axis (fig. 27). It 
we press the card on its edge, we shall distinctly hear the 
noise each time the card touches a looth. But turn the 
wheel faster and still faster, the blows will then follow ' 
upon each other closer and closer, and will soon produce 3 | 
continuous sound. The number of turns made by the wheel | 
in a second may be counted ; suppose it makes ten turns, 
there will then be 340 blows in a second, and as many 
pulsations communicated by the air to our ear. These 
pulsations succeed each other in the air at a distance of 
one metre, and at an interval of jiJirth of a second ; so that 
when the 340th leaves the card, the first will have reached 
bodies 340 metres distant. The sound that we shall hear is 
nearly that called mi in the lowest octa\e of the violin {mi\). 

Further, if the wheel be made to rotate ten times faster, 
we shall have 3,400 pulsations per second. The distance 
between two consecutive pulsarions in a sonorous ray will 



WAVES OF SOUHD. 

DC one decimetre ; and when the 3,400th pulsation 
the card, the first will have attained bodies placed at a 
distance of 340 metres, as before. The sound henr<i will be 
nearly la on the third octave above that marked by tlie 
preceding experiment {l<z^. 

The distance which separates two consecutive pulsations, 
or sonorous waves, is called in physics the length of the 
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wave. The sharpest sounds, then, arise from the shortest 
waves ; in the preceding examples we had two waves, one 
measuring one metr;, the other a decimetre. 

Now, fix on one and the same axis two wheels, having 
respectively 34 and 340 teeth (fig. z8,) and cause ihem 
revolve ten times in a second. On loucliiiig llie edgi 
these wheels alternately with the card, we shall produce, 
ir the other, the same sounds as before ; and a pe 
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gradually moving farther from the instrurnent wiil contimre 
to hear them at the same interval of time ; they will appear 
to hira to succeed each other in exactly the same manoer.- 
Of this fact we may assure oarseives any tiay, when we 
hear in the distance a musical air : the sounds reach our 
ear in the same order and uith the same pitch, at whatever 
distance we may be ; the only difference is in the intensity; 
we do not, indeed, hear so well at a distance, but it is 
always the same air. The conclusion to be drawn from 
this is, that deep and sharp sounds travel whh the same 
speed. With the apparatus ive have just described, at a 
distance of 340 metres, two sonorous rays will reach our 
ears j in one of them, tliat giving the bass sound, there will 
be 340 waves, measuring one metre ; in the other, that 
giving the sharp sound, there will be ,1,400 waves, measur- 
ing one decimerre each. But in both cases alike a second 
of time will have elapsed between the departure of a wave 
and its reaching us. The distance travelled by any wave 
in a second is called the speed of the sound. It is 340 
metres in the air; it would be different in water, in ihe 
earth, or in a gas different from the air. 

This study of sound will enable us to distinguish between 
the different calorific or luminous rays. The source of the 
ray replaces the sonorous body; the ether is supposed 
instead of the air. There are in ether waves of different 
lengths, which can also travel with the same speed side 
by side without being disconcerted. Only the numbers 
which meisure heat and hght are very different from those 
which measure sound. In a ray of red light, for example^ 
it has been found that there are i6,oqo waves per centi- 
metre; that its speed is 308,000 kilometres per second; 
and, as a consequence, that it makes, on entering the eye, 
nore than 496 millions of millions of pulsations. The 
ciotet ray is estimated, in the same way, to make 699 
njllions of millions of pulsations. 

These numbers are all the results of learned and pains- 
taking researches of distinguished experimenters. We have 
quoted them to express precisely our thought and to ]>iit 
the problem clearly before the reader ; but our real busi- 
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ness at present is with the principal phenomena which have 
led to this theory. The following experiment shows that 
the rays emanating from the sun are separable into rays of 




various qualities, in consequence of the inequality of the 
simultaneous waves which compose them. 

A hoie is made in tlie shutter of a dark room, a mirror 
being placed outside to reflect the solar rays into the room 
(^S- *9i f^eit-iispiece.) A piece of rock-salt, cut into the 
shape of a triangular prism, is placed in the direction of 
the rays in such a manner that they fall over only one angle 
of the prism. If this precaution be taken, no attention 
Deed be paid to the other angles ; that is to say, the piece 
of rock-salt may be of any shape we please, so that it is 
terminated by the two planes forming the angle. In tra- 
versing this angle the rays change their direction, deviating 
to the side of the room towards which the interior of the 
angle is turned. The refracted rays are received on a 
Bcreea of white paper, producing the beautiful image bccq 
in the coloured frontispiece. 
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A luminous band composed of seven magnificent colours 
is displayed on the screen in the following order :- 
Viokt, iiiiiii^, bine, greai, yeiiou', ariin^'e, rea 

The relative position of these colours shows that the 
deviation of the rays occurs in a decreasing ratio from violet 
to red. 

Neviton, who first made this beautiful experiment, has 
called this image the solar spechiim. It is usually described 
in optics as being effected with a glass prism. We have 
chosen rock-salt for this experiment because our object 
is to study the calorific rays, which, as well as tlie rays of 
light, pass freely through tfiis substance. If we leave for a 
certain time a very delicate thermometer, such as a small 
thermo-electric pile, to the separate action of each of the 
seven colours of the spectrum successively, starting from 
the violet, the temperature will be observed to rise, but not 
equally. As we approach the red, the increase of he.it is 
greater in proportion. Now pass the red, and continue to 
move the thermometer in the same downward direction, but 
in the dark part. We shall now see that the heat becomes 
much greater than before, and that it reaches a n 
a point situated a little be3"ocd the red, and then decreases, 
though it is still appreciable to a considerable distance. It 
appears that there are in the solar rays some which are 
purely calorific, which are less refracted by the prism than 
the luminous rays, and which are distinguished amongst 
each other by the amount of their deviation and by their 
intensity. 

The luminous band, composed of seven colours, indicates 
to us that there are rays of light which are distinguished 
equally by their deviation and their manner of affecting o 
eyes. Those which are the most refracted produce the 
sensation of violet; then come six other rays, each pro- 
ducing a special sensation of colour. These luminous rays 
are also calorific. 

To complete our observations, it is necessary to make the 
rays of each colour fall successively on a second prism 
jimilar to the first. This we tan do by means of a screen 
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provided with an aperture, as shown in fig. 30 {fronlu-^ 
/■!icf). We shall find in this case that the sepaiatetl rays 
i-ndeigo no further modification. The violet rays are simply 
ii(-'\'iated by the second prism ; tliey letnain in the same 
state relatively to colour and heal, and it is the same with 
all the rest. The rays issuing from tiie first prism are called 
simple, and the rays coming from the sun are said 10 be 
romposed of these simple rays : they separate in traversing 

(the prism. The various simple rays are characterized by 
I the deviation they undergo when falling in a similar manner 
ly^n the same prism. Those which deviate the most are said 
(* to be most refrangible, or possessed of a greater refrangi- 
iiility than the others. Instead of" deviated" we have, there- 
lire, sometimes used the word '■ refracted." Thus the scale 
il refiungibility decreases from the vnolet lo the red, and it 
iotreases still more in the purely calorific rays. In fine, 
< tlicate experiments have shown, that if a simple luminous 
;.i\' be submitted to a variety of operations which change 
lb luminous iotensity, it preserves a heating power which 
undet^oes exactly the same changes. But there is not in 
consequence any reason to suppose that tiie luminous ray is 
continuously accompanied by a ray of heat distinct from 
itself. It is much simpler to admit that the same ray is 
capable of producing two effects, heat and light, and that 
there is no distinction save in relation to our senses. In 
this manner only can the observations be explained. 

We have still to disr.over how the theory of waves 
explains the separation of simple rays, the mixture of which 
constiiutes solar rays. It will be sufficient to ascertain what 
happens on the fiice of the prism by which the rays enter, 
because the face from which tbey issue produces the same 
effect. The separation has com int need at the first face, and 
is simply continued at the second. 

Let us suppose two rays, the one violet, tlie other red, 
arriving together on the prism. The waves of the first are 
shorter than those of the second. In entering the prism 
they become stili shorter, and they travel more slowly than 
in the air. because glass is a denser substance than air. It 
^^" y be demonstrated mathematically that the diminution of 
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'.hese waves occasions the deviation of the rays, and causes i 
ihem to continue their course more nearly perpendicular to' 
the face on whicii they entered. Further, the red waves 
being longer than the violet, travel faster on the substance 
of the glass, and from this again results that the led ray is 
less refracted than the violet ray. What we have said con- 
cerning these twQ rays is applicable to the others. Hence 
they separate in their order of refrangibility. 

Our observation that the various waves of light do not 
travel with the same speed in one and the same transparent 
substance, may have appeared to the reader to be incon- 
sistent with what we have before ascertained concerning the 
waves of sound. But it must be remembered that it is only 
in ethereal space that the equality of speed is true ; in solid 
bodies the effect of the material molecules is to diminish 
the speed of the luminous or calorific rays in direct relation 
to the decrease in length. The analogy of sonorous with 
ethereal waves is complete. 

It is in consequente of the united efforts of physicists and 
geometricians that we are able to examine these questions ; 
and in pointing out their results we have simply wished to 
give an idea of the po>ver which the human mmd acquires 
when it is able to apply mathematical reasoning to the laws 
which have come uniler its observation in the study of 
natural phenomena. The mechanism of matter is dis- 
covered ; the molecules, with their harmonious movements, 
appear to the natural philosopher just as the worlds of 
celestial space appear to the astronomer who knows how to 
penetrate the mystery of its infinite depths. 



4. Sijting of the rays. 

In our study of transmission we used, by preference, a 
prism of rock-salt If we had used one of glass, we should 
have obtained a solar spectrum identically the same. But 
we should not have found the less refrangible heat-rays, 
which, being invisible, we call dark. The conclusion to 
wn from this observation is, that the dark rays are 
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' ibsorbed by the glass, the luminous rays alone being trans- 
' mitted. Funher, if we take a glass prism coloured red, for 
example, not only will the dark rays be arrested, but also a 
portion of the luminous rays. The spectrum is incomplete ; 
the red part is seen very well, but both blue and violet are 
missing. In general, most of the colours, with the exception 
of the red, are pale ; thus the red rays alone escape .ibsorp- 
tion, the oihers being partially or completely absorbed. 
Indeed, some varieties of red glass may be foimd which let 
no other rays pass except those of this colour. The red in 
such a glass is called simple, whilst the red in the preceding 
is compound. 

It will now be easy to imagine the immense variety of 
effects produced by transmission through transparent bodies. 
We have simply to imagine, in place of the solar rays, a 
number of grains of all sizes, and, instead of transparent 
bodies, sieves having holes of all possible sizes ; we shall 
obtain a rough idea of the diversity in composition that the 
transmitted part may present. One sieve has holes larger 
than the grains, and so all pass freely through. In this way 
rock-salt allows rays of all kinds to traverse it. Another 
sieve has smaller holes, the larger grains are kept back. In 
the same way glass retains the dark rays. Another sieve 
has still smaller holes ; grains which passed before are now 
stopped : this illustrates the coloured glass, which retains 
the dark rays and all other luminous rays but the red. 

Under the last-named sieve place another similar one. It 
will give passage to all the grains which have traversed the 
first without retaining anything. To this we may compare 
the transmission of solar rays through two transparent plates 
of the same kind. The heat which falls on the second 
after issuing from the first passes freely, because it has been 
sifted, to make use of the original expression of Mr 
TjTidall. For example, solar rays fall on to a pane of glass ; 
the luminous rays are alone transmitted : they fall again on 
a second pane of glass, and are no more arrested ; so that 
the glass in the second case appears not to absorb heat, 
a nd in the first to absorb a great portion : this happens 
^^ecause the rays which reach the two glasses are not of the 
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same kind. It follows tliat transmission depends both or, 
the substance which forms the medium, and on the nature 
of the rays themselves. 

Again, let the two sieves, placed one above the other, be 
different; the first having large holes, the second having holes 
smaller thun tlie grains, 'i'hat which is passed through the 
first will be completely stopped by the second. Here is an 
illustration of solar rays, meeting first a red-glass medium, 
and then a blue one. The first glass has allowed the red 
rays only topas^, the second le^ins them ; so that in placing 
the two glasses one above the other, an opaque body will 
have bcL-n formed of two transparent bodies. 

Thus the transmission of rays is analogous to a process of 
sifting, but only when results are compared. The mechan- 
ism of the transmission is not in question, but it must not 
be supposed that a ray traverses a plate in the same way that 
a grain traverses a sieve. After having made the experiment 
with the solar spectrum, and having seen the prism .separate 
the single rays which compose solar rays, it might naturally 
be asked, why our windows do not effect this separation ? 
why light entering white passes out white ? 

The answer to this question is simply as follows i — Tlie 
surfaces of entiance and of issue in vrindow-glass are 
parallel planes, whilst in the prism they form a certain 
angle. It is this which causes the difference in the two 
modes of transmission. In fact, if we unite two similar 
glass prisms so as to form a plate with parallel surfaces like 
a pane of glass (as fig. 31), we shall find that the solar rays 
will traverse it without being decomposed. This happens 
because the rays, after diverging from the first prism, are 
refracted in a contrary direction by the second. Thus Ihey 
collect together again, and re-form on issuing rays similar lo 
and parallel with those which arrived from the sun. 

Although separation does not take place, the absorption 
is the same as with the single prism, with this difference, 
that the absorbable rays are completely arrested by a suf- 
ficiently thick plate with parallel faces ; whilst in a prism, 
the absorption is never complete near the summit of the 
angle, in consequence of its small thickness. For tliis 
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reason, experiments in transmission and absoqilion ; 
always made viith. flaies. 

To recapitulate: Solar rays are composed of an infinity 
of simple rays, which are dislinguishcd amoti{;st each other 
by their refrangibility, if we wish simply to express the factSp-v 
o: by the length of the wave, if we wish to employ the Ifu 




gnage of the dynamic theory. When these rays strikt 
against any given body, some part of ihem is reflectet^B 
another part may be transmuted; the remainder are ab- 
sorbed, and these absorbed rays warm the body in which 
Ifiey are retained. 



5. ItiflMmce of temperature im the 



ofHmt. 



^^nV'e learn to distinguish between the quantity of rays'] 
emitted by a given source of heat, and their quality. We 
shall first take into consideration their quantity. The more 
the temperature of the source is raised, the greater is the 
quantity of heat emitted ; always supposing that the body 
towards which radiation takes place, maintair.s a temperature 
constantly inferior to that of the source. If, on the con- 
trary, the temperature of this body, still remaining inferior 

^tethat of the source which docs not vary, rises gradually. 
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the quantity of heat emitted by the source towards the body 
diminislies ; until tlie temperature of both having become 
equal, it ceases altogether. Tlie action is reversei! when 
the body is hotter than the source ; that is to say, the body 
now emits the heat ; it becomes a true source of heat 
itself. In this manner the sun sends us heat because its 
temperature is much above that of our globe ; but if the. 
earth could acquire a temperature above that of the sun, it 
would in its turn emit heat towards the sun. The emission 
of heat by a body is therefore determined by the presence 
of a body having a lower temperature. For example : it is 
known that celestial space has a temperature of almost 2 00° C, 
below zero ; the earth is therefore a source of heat relatively 
to space, towards which it incessantly radiates heat A cloud 
comes in a given direction, the temperature of which is vtry 
far from being so low as that of space ; consequently, the 
earth will send a less number of rays in this direction than 
if the cloud did not exist. 

These principles will explain certain phenomena in which 
cold seems to be reflected like heat. These phenomena 
would lead a careless observer to imagine the existence of 
rays of cold distinct from rays of heat. No doubt a great 
error, as the following experiment will make evident. 

Take two metallic mirrors, arranged as fig. 24, and, 

instead of pieces of charcual, place a few bits of ice in 

the grate at one of the foci. At the other focus expose the 

bulb of a very delicate thermometer. The mercury will 

now be observed to (all, whilst, if we cover the mirrors, 

there is no appreciable effect The explanation is that the 

ihennouieter plays the part of a source of heat towards the 

ice. The rays which it sends towards the latter are, not only 

, those which travel directly, and which are insensible in 

I amount because of the distance, but those also which fall 

L<on the mirror next to the thermometer, and which, being 

1 Reflected towards the opposite mirror, act by reflection from 

|it on the ice. As there is nothing in the thermometer to 

repair the loss of its heat, its temperature decreases. It is 

'rue that bodies placed in the room around the apparam 

; then hotter than the thermometer, radiate towi '"' 
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it. anJ tend to repair this loss ; but it is only when its tern- 
[icrature is sufficiently low that the process of compensation 
• An be established between the heat lost and the heat gained 
by the thermometer; it then remains stationary, its tempera- 
i being a little higher than that of the ice, because a 
n of its surface is submitted to the radiation from the 
), which is supposed to be at a temperature above zero. 



. Infiutnce of the nature of the source on 

Correlation between emission and absorption. 

fWe have still to consider the quality of the rays emitted 

T a source of heat. First, there are dark sources, such as 

Siiece of metal heated to 400° C, or a vessel of boiling 

'; such sources emit dark rays, 

Hiich traverse rock-salt, but which 

-rearrested byglass. Further, there 

are luminous sources which emit dark 

rays mixed with luminous rays ; the 

last are transmitted by glass, while 

ihe first are arrested. The composi- 
tion of the rays emitted, therefore, 

depends on the nature of the source 

ol heat, and the properties of these 

lays change with it. Above alt, the 

siiperfirial covering of a boiiy acting 
as a source of heat modifies their 
emission. Take a copper cube 
full of water, and make the water 
hoil by means of a spirit lamp 
(fig. 31): the four vertical faces 
of the cube are at the tempera- 
ture of the boiling water ; but they Fi= j.-Laiie's Ci.bt. 
differ in the state of their exterior 

surfaces. The first is blackened, the second is whilened, 
the third is of unpolished copper, and tlie fourth is polished 
copper. Apply to each of the faces of the cube in succes- 
sion the bulb of ihe thermometer, taking care to intercept_ 
the radiation of the lamp towards the thermometer by 
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scriien. It will be found tliat the thermometer will be 
unequally heated by the several faces, and if we follow the 
above order we shall find the temperature to diminish. 'J'he 
blackened side allows the greatest emission of the heat rays; 
the polisheil one, on the contrary, renders the emission very 
feeble. The effect exerted by the state of the surface on 
the amount of emission may be proved without physical 
apparatus, by the comparison of a stove of cast-iron having 
a rougji surface with a stove of polished 
iron. The first warms neighbouring bodies 
more than the second. Again, put simi' 
weights of boiling water into two copper 
vessels, one of which is polished and the 
other blackened ; you will find the first to 
cool more slowly than tlie second, and you 
will conclude from this that the emission 
from a black surface is greater than from i 
polished one. 

Inversely, if you put tlie same vessels full 
of cold water before the fire, the blackened 
one will get hot faster than the other. You 
will conclude from this that the absorption 
of heat by the first is greater than that by 
the second, so that you are led to think 
that the most absorbant bodies are also 
those which most easily emit heat. This 
correlation between emission and absorption 
Tohidd 'i're. is in fact established by numerous experi- 
ments, and it applies not only to the 
quantity of heat, but also to its quality. Thus a substance 
emits just such a group of rays, characterised by their refran- ■ 
gibility, as it has the faculty of absorbing. We ought to find, 
according to our theory of the identity of heat and light, 
that the same law rules the absorption and the emission of 
light ; and this, in fact, has been proved in experiments made 
of late years on the solar spectrum. The following is an 
example : Put a piece of sodium in the bright light pro- 
duced by the electricity of a Voltaic pile between two points 
of carbon, which light is called the Voltaic arc (fig. 33). 
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SPECTRUM OF THE SUN. 

vapour of the sodium will become a source of Ugbl. 
id it will emit in abundance certain yellow rays of quite a' 
peculiar intensity. If we cause these rays of light totiaverse 
a prism, we obtain a spectrum which presents a characteristic 
"fdlow band. Instead of putting sodium in the Voltaic arc. 
luce it" into vapour at some distance, so that the ra)s of 
ich you are about to form the spectrum shall traverse this 
mr; the spectrum will take the appearance represented 
iig. 34 (Jroniispitce). The yellow rays are absorbed by 
vapour, their place being occupied in the spectrum by a 
band, indicating the absence of these rays. Such is 
fundamental experiment which has led physicists tocon- 
a method of observation with the help of which we 
(nay discover, according to the spectrum of a flame, either 
Hie nature of the vapours existing in it, or the nature of sub- 
stances, traversed by the rays emitted by the flame before 
forming a spectrum. It is by this method that MM. Kirch- 
hoff and Bunsen have found that the atmosphere of ihe 
sun contains iron, magnesium, sodium, calcium, . 
,er metals. 



7. Influence of distan.e on radiant Heai. 
Tn our study of heat emitted from any source towards a" 
given body, it is necessary to take the distance between 
them into account. If the body be gradually removed 
from the radiant source to double or treble the distance 
and so on successively, the heat received by it will be four 
time.', nine times, and so on progressively, smaller. The 
explanation is the same as that given in the case of sound, 
the intensity of which follows the same law. The body 
receives a certain number of pulsations on the part of its 
surface which is turned towards the ra<liant source. Imagine 
a hollow sphere, at the centre of which we have a source of 
heat, and the surface of which would pass through the body 
to which the heat radiates. We may, for simplicity, suppose 
that the latter is in the form of a disk, resting on the surface 
(rf the sphere,, and thai tlii; entire sphere has a superficies a 
Lsand times greater than that part of the disk turned 
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towards the source. In this case the sphere will receive a 
thousand times more rays than the body. 

Now suppose a sphere of twice the radius, with the body 
which we have assumed to be a disk placed upon it. The 
Kurface of this new sphere will be four thousand times 
greater than that of the body; but the same number of 
rays will arrive in the same time on the large sphere as od 
the smaller one. The large sphere will receive four thousand 

I times more rays than the disk ; therefore the latter ^^ 
teceive four times less than before. ^^H 

S. Various applications of the preadiiig principles. — Z^^wi^^V 
Ainiospko'ic loaler vapour. \ 

The laws of radiation explain a great number of facts | 
open to common observation. For example ; our bodies ' 
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open to common observation. For example 
are submitted to the warming action of the sun by day, and 
during the night to the cooling action of the celestial space. 
Were the transition from a state of excessive heat to one of 
intense cold too sudden, it would be dangerous to health. 
To avert this danger, nature has given to the negro, for 
example, who lives u,;der a tropical sun, so black a skin, 
tliat the abundant emission of his own heat has the effect 
of cooling him. On the other hand, as the absorption of 
the solar rays might be too great and neutralize the bene- 
ficent action of this emission, an oily perspiration lubricates 
his skin, so that the rays may be sirongly reflected from its 
surface. In other places, man's intelligence enables him to 
find the resources necessary for his protection. The Arab, 
who requires ]>rotection from the sun when crossing the 
desert, and far from any shelter, envelopes himself in white 
wool. This stuff absorbs the solar rays less than any other; it 
reflects them in every direction, and diffuses them. Among 
ourselves, the use of white cotton preserves the heat of our 
bodies, because it is reflected interiorly by the parts of the 
cotton, which are only separated from the skin by a bed of 
air. Black clothing is as a rule hurtful, because in the sun 
it absorbs its heat strongly, and in tlie shade it emits OO 



IQie contrary that of our bodies; thus it rather aggravil^^A 
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the effects resulting from sudden changes of temperature;' 
than ameliorates them. White clothing is more suitable, on 
account of its comparatively feeble powers of absorption 
»nd emission. 

It is for the purpose of retarding the emission of their 
"neat that nature has given to the animals living in polar 
fL'L^'ions a white coat ; and in other regions where the winter 
Lb rigorous, the coat is only white during the duration of that 
season. 

Opportunities for applying these very simple rules often 
occur. To preserve a body from the radiation of heat, give 
it a polished metallic surface if j>yssible. Professor Tyndall 
mentions a very curious instance of this method of preser- 
vation. A plank of wood, upon which had been written 
characters in gold, had been submitted to the radiation of a 
large fire ; the wood was carbonized all around the letters, 
but it was intact beneath them. The rays of heat had in 
fact been absorbed by the naked wood, and reflected by the 
filding. 

On the contrary, to augment the absorption of radiant 
heat, give to the body a black surface. It is for this reason 
that gardeners paint the walls for espaliers black, so that the 
solar rays may be absorbed, and the heated walls may after- 
■ards radiate towards the fruit ; the latier then receive both 
this heat and that which reaches them directly from tlie sun. 

We frequently utilize the property possessed by glass of 
ibsorbing the dark rays and allowing the lummous rays to 
pass. In foundries, tlie workmen observe the flow of the 
metal through screens of glass. The luminous rays alone 
reach their eyes, and these are the less ardent Above all, 
the eyelids must be thus preserved ; the eye itself is less 
exposed, because its fluids stop the dark rays, and prevent 
the optic nerve from being burnt In our ganlens, the bell- 
glass we use to cover a young plant, acts by economizing 
the heat received from the sun. The luminous rays which 
have passed through the glass are absorbed by the earth and 
the plant ; these emit dark rays only, wiiich cannot escape 
through the glass. The air confined over the plant may 
■kos attain a temiierature above that of the exterior 
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The case is the same with our greenhouses, the sular rays 
having to traverse all the glass exposed to Che sun. 

want to contemplaceexamplesof greater magnitude, 
re have only to cast a coup d'ml over our globe, considering 
as a radiating, or, inversely, as an absorbing bod)'. 
In the night, terrestrial bodies gradually lose the heat 
ley have received from the sun during the day. If the 
:y is cloudy, tiie rays emitted from the surface of the earth 
are absorbed by the clouds, which are colder ; and this 
emission is smaller in the degree that the temperature of 
the clouds is higher. If the sky is clear, the emission of 
terrestrial heat is much more intense j because the tempera- 
ture of the celestial space is excessively low ; but it is not 
' *ie same in amount with all bodies. Water eruits more 
.t than the earth, naked, or clad with verdure. Among 
various bodies exposed on the surface of the ground, some 
radiate more heat than others, according to their ncture and 
situation in reference to the sun and air. Those, for instance, 
from which a part of the sky is hidden by walls, trees, 
elevations of the earth, or any other shelter, emit less than 
■if they were not thus sheltered. With the same amount of 
iesposure, the radiation of metals is inferior to that of stones, 
.and these again to that of the green parts of vegetables. 
Evidently, the greater the amount of radiation of a body, the 
greater its decrease in temperature. We see then that the 
I (Moling of terrestrial bodies during the night is very unequaL 
The atmosphere is formed principally of air, a mixture of 
^Oxygen, of nitrogen, and of water in the state of transparent 
[invisible gas ; the latter must not be confounded with fogs, 
rwhich are composed of liquid water condensed into the 
'form of small visible drops. The atmosphere absorbs but 
little dark heat, consequently its emission is very feeble; 
, hence it preserves, above a certain height, a temperature 
Superior to that of the groimd, Near the surface of tiic 
earth it becomes cool by reason of its contact with terres- 
trial substances, and its water vapour condenses on the 
surface of these bodies when their temperamre is sufficiently 
low. The deposit of dew is unequal in ditferent bodi » 
A piece of iron placed upon a stone in a meadow K 
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1 dry whilst the stone will be slightly wet, and tlie 
4 will be covered with dew. The temiieralure in the 
flayiinie being less in the spring than in the summer, the 
nocturnal cooling of certain terrestrial substances, such as 
the green slioots of plants, may descend below the freezing 
point ; the water they contain solid iSes, breaking the tissues, 
and the plants freeze. This phenomenon is called a white 
frost. In these cases the dew is no longer deposited in [he 
form of liquid drops, but in that of needles of ice, which form 
the hoar-frost 

In Bengal, where the diurnal temperature is very elevated, 
ice may nevertheless be obtained by nocturnal radiation, 
some such artifice as the following being adopted as means : 
Rather shallow pits are filled with straw, which is a bad 
conductor of heat, and on this straw are placed fiat open 
vessels containing water freed from air by being boiled. The 
water emits its heat freely, the straw preserves it from the 
lieat of the soil, and ice is formed. It has been noticed 
that the most favourable nights for the production of ice 
are those durmg which there is but little dew, the sky being 
moreover clear and without clouds. Evidently, if there is 
but little dew, the atmosphere is only slighdy humid. Thus 
the absence of vapour of water in the air is favourable to 
nocturnal radiation. It has been known, indeed, since tlie 
researches of Professor Tyndall, that water vapour absorbs 
72 times more heat than the dry air with which it is mixed. 
The rays emitted by tin: earth traverse, therefore, dry air 
more freely than humid air, and nocturnal cooling augments 
with the dryness of the air. 

The white frosts o.{ ihf spring are fatal to agriculturists ; 
and, ignorant of the true cause of this phenomenon, tliey 
have often accused the stars of exercising an influence on 
tlie earth which it is impossible they should have. As white 
frosts happen when the air is very clear and very dry, the 
moon shines in tlie sky with great brilliancy, and naturally 
attracts our attention ; but there is no more reason to attri- 
bute a cooling action to her than a putrefymg one, which 
I bas been also done, because it has been noticed tliat animal 
^^pDstances putrefy more rapidly under the same circii^^^_ 
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Stances : it has not been noticed that these substances 
become abundantly covered with dew, and that it is the 
water which causes the putrefaction. Far from cooHng the 
earth, the moon warms it by reflecting the rays of heat from 
the sun, as Melloni discovered with the help of very delicate 
instruments. 

Now that wliite frost is explained by radiation, it is easy 
to understand the reason for having recourse to such means 
of protection as the thin matting with which gardeners 
cover delicate plants ; also, the practice of protecting vines 
with clouds of smoke caused by lighting fires with resinous 
substances at that advanced hour of the night when the 
temperature approaches zero. This practice, which ought 
to be generally adopted in France, has been long known in 
several other countries, particularly in Peru. 

The bodies which cool most during the night are also 
heated most in the day, as soon as the solar rays reach 
them. Veget;ibles appear to be an exception,. but it must be 
remembered that the water they contain evaporates, and 
that evaporation consumes heat, which cannot then serve 
to raise their temperature. Dry earth exposed to the sun 
may acquire from 20° to 40° C. of heat more than the air, 
and black substances take an excess of temperature still 
greater. These facts illustrate the correlation whii-h exists 
between the emission and absorption of heat. In winter 
time the solar rays determine the partial fusion of the snniv 
which covers the earth; this fusion prevents the tempera- 
ture of the soil from rising, and gives to it a humidity 
highly favourable to vegetation. The fusion is very slow, 
in consequence of the feeble absorption of the rays. To 
convince one's self of this it is sufficient to throw a little 
charcoal dust on the snow ; the fusion becomes rapid around 
each grain of charcoal, because it absorbs much heat, and 
the track of the dust is soon drawn on the snow by a deep 
furrow. The snow absorbs dark rays better than luminous 
rays, and for this reason it melts faster under the trees ; for 
when trees have been heated by the solar rays, they radiate 
in their turn the dark heat towards the snow which liofl 1 
beneath iheir shadow. 



The preservative character of snow appears again at 
flight, when the sky is clear. The white carpet which covers 
our fields radiates feebly towards the celestial spaces ; its 
temperature falls to a little below zero (32° Fahrenheit), and 
it prevents the plants buried in the ground from being too 
severely cooled. 

We shall often again be called upon to admire the part 
played by water on the surface of the eanh. Here we can 
only consider its relations to radiant heat, and we shall 
conclude this chapter with some observations on atmos- 
pheric water-vapour, feeling certain that it will throw a 
new light on the physics of the globe. 

According to the experiments of Professor Tyndall, the 
water-vapour that a certain volume of air may contain 
absorbs about 7a times more heat than that air absorbs 
when dry. This applies equally to the quantities of heat 
emitted under similar ciraimstances. 

At the bottom of a valley, with a river course, the air is 
necessarily more humid than on an elevated plateau or 
mountain. In the night, after a fine summer's dny, when 
the sun disappears behind the hills, the valley is plunged in 
obscurity and deprived of solar rays before the surrounding 
heights. The humid air which it contains immediately 
begins radiating towards the celestial space, and the water- 
vapour, above all, renders this action very intense. The 
rapid radiation, in its turn, is the cause of a sudden coolii^, 
owing to which the vapours condense in small imperceptible 
drops, which fall like a fine rain, though the sky is free of 
cloud. This is the evening damp. 

As we rise in mountainous countries, we meet with strata 
of drier air, and they abriorb less of the solar rays. The 
traveller who crosses during sunshine the glaciers of the 
Alps experiences the eflects of the feeble absorption. With 
his feet on the ice, he feels throughout his whole body an in- 
supportable heat. The solar rays freely traversiug the dry 
air are absorbed by his garments, which become oppressively 
hot The air is cold, nevertheless, because there is not 
enough vapour in it to retain the heati and when a traveller 
passes from sunshine into sliade, its excessive cold is folt, 
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It may now be easily understood why burning mirrors and 
glasses are so much more powerful on the mountains or, 
more generally, in a dry atmosphere. 

The dryness of the air is, therefore, favourable to the 
heating of terrestrial substances during thr day, and to their 
cooling during the night Also, the driest countries suffer 
the greatest variations in climate, in the Sahara, the sand 
is burning, the atmosphere is like fire during the day, and 
the cold at night is excessive ; ice even is formed. We find 
in the account of a journey recently made in Asia and 
in Oceania, by the Count Henry Russel-Ki Hough, many 
curious details about the excessive temperature of Siberia, 
of Thibet, and of Australia, countries where the aridilv is 
excessive at certain seasons of the year. 

One day at Kainsk, in Siberia, the temperature fell, in ■ 
four hours, from zero to fifteen degrees below it;* some 
days afterwards the mercury nf the thermomettr sank com- 
pletely into the bulb, which seemed half empty, yet the tube 
itself marked thirty-five degrees below zero.f It will not 
surprise any to hear that, on the same day. brandy was ' 
frozen beneath hay and fur. ■' All this," says the author, 
"happened under the most dazzling sun. Clouds are im- 
po.ssible at a temperature when vapour is turned into stone, i 
and the blood freezes in one's veins " 

In Australia, there is sometimes ii difference of 90° F, ' 
between the highest and lowest points of temperature ' 
marked by the thermometer. Our traveller has observed 
iao° F. in the shade, and 147° in the sun. "The mor- 
tality," says he, "especially of children, became alarming; 
birds fell from the trees as if thunderstruck, whilst others 
allowed themselves to be taken by the hand or came to 
quench their thirst in the interiors of the houses. Plants 
were burnt to the point of falling when touched, like the 
ash of a cigar." Captain Sturt has observed in Central 
Australia 129° F. in the shade and 160° in the sun. 



• From 3»° to 5* Fahrenheit. t Equal to 31' Fahreobut 
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I. Bttdiis wliick are good conductors. 

IPhen we submit a part only of a body to thu action of a 

giurce of heat, this part heats progressively the remainder of 
; body. This propagation of lieat from one part to 

pother in the interior of a body is called conduction. It 
^eds very slowly, in which respect it differs much from 
idiatton. 

f Conduction is easily explained by regarding each mole- 
"e of the interior of the body as submitted to the heating 

^tiOD of molecules hotter than itself, and to the cooling 
n of colder molecules. The molecule is in equilibrium 
when, these two contrary actions, which follow the laws of 
radiation, exactly counterbalance each other. The mole- 
cules placed on the surface of the body are, moreover, sub- 
iDitted to the action of exterior substances ; and here we 
must distinguisli between two different actions, the radiation 
between the surface and distant objects, and the passage of 
heat from the surface to substances which touch it, or reci- 
procally, according as the substance is hotter or colder than 
these objects. This ]jassage is a phenomenon of conduc- 
tion, because it is effected from molecule to molecule; it 
differs from interior conduction, inasmuch as the molecnles 
put into play are of different natures ; it is distinguished by 
the name " exterior conduction." When a body is warmed 
by a source of heat in one of its parts, radiation and conduc- 
tion determine a cooling action, and each part of the body 
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acquires a stationary temperature when this action exactly 
compensates the heating action of the source. 

We proceed to describe a very simple experinienf, show- 
ing the conductibility of soHd bodies. Two bars of the 
same size, but different material, are placed as in fig. jg, 
the wooden balls being fastened to them by means of wax. 
At the point where the two bars join a spirit lamp is kindled, 
and the wooden balls will be seen to fall one after tlie other, 
starting from the poinl 
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is because the wax which held it is melted, and this again is 
because the fusing point of the wax has been attained by 
the adjoining part of the bar. If one of the bars is iron 
and the other copper, it will be seen that a greater number 
of balls fall from the copper than from the iron ; therefore, 
heat propagates farther in the copper. Hence, copper is 
called a better conductor than iron. 

The con«h]cting powers of a number of substances may 
be compared by adjusting equal bars of these substances to 
the vertical side of a metallic trough (fig. 36.) All the bars 
being covered with wax, the trough is filled with boiling 
water, and the wax melts to a greater or less distance from 
the trough, according to the conductibility of each indi- 
vidual bar. By such observations it has been easy to 
arrange a variety of bodies in a decreasing scale of conduc- 
tibility as follows ; — 

SILVER, BRASS. LEAD. 

COPPER. TIN. PLAIINUM. 

GOLD. IRON. BISMUTH. 
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, A veiy trifling observation of daily occurrence is sufficient 
to remind us of the comparatively great conducting power 
of silver. Plunge in the same vessel of boiling water a 
alver spoon and a pewter or iron one. It will be found 
tliat the handle of the first will get hotter than that of the , 
Other, 



^^^ 




In esperiments on conduction, care must be taken not I»* 
confound the intensity of the heating with its rapidity. 
Conduction alone determines the first, whilst the second is 
a complex effect of conduction and another property pos- 
sessed by bodies of w'hich we shall treat in another section. 
I'hus bismuth is a worse conductor than iron, and yet, 
>vith the above apparatus (fig, 36), we should see the wax 
melt quicker on the bismuth than on the iron. It neverthe- 
less conducts less, because the wax which covers it melts to 
a less distance ; thui the quantity of heat conducted is less. 
The same remark applies to our first experiment It is the 
distance from the heated extremity at which the last ball 
^1^ drops was fixed that must be noted, and not the 
pidity of the successive fiills. 

Here is another experiment which at first sight may 
_jear paradoxical, and which reproduces the same phe- 
nomena under another form. Place on the lid of a vessel 
full of boiling water two small solid cylinders, one of which 
is of bismuth, and the other of iron. It is understood that 
these cylinders affe each of the same dimensions as the 
other, and that their upper extremities are covered with 
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wax {fig. 37). The heat from the vessel will gradually 
extend through the cylinriers, and will at last melt the wat 
The fusion commences on the bismuth because it conducts 
more quickly, not because it conducts more heat. We sha!! 
see by and by that, to raise equal weights of these two 
substances ihrough the same number of degrees, we require 
four times more iieat for the iron than for the bismuth. In 
order, therefore, that the temperature at which the wax melts. 




I 
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may be attained at the upper extremities of the cylinders, it 
is obviously necessary that the iron should have transmitted 
more heat than the bismuth. Suppose the quantity of metal 
in each case is one gramme; then we say the gramme of 
iron will have received four times more heat than the 
gramme of bismuth before fusion commences, and for tliis 
very reason it has taken longer to get hot 

Substances which are good conductors of heat, such as 
the various metals, feel cold to the touch. It is because the 
hand that touches them, having a higher temperature, owing 
to the natural heat of the blood, gives up heat to them by. 
virtue of conduction ; and this heat being rapidly diffused 
throughout their mass, the loss of heat which the hand 
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I is continually repeated, and becomes verj' sensible. 
:, on the other hand, those metals are not always the 
t conductors which appear coldest to the touch. The 
t depends on the rapidity of ihe transmission, as well 
conductibility : and the one phenomenon is as 
mplex as the other. Nevertheless, the great differences 
Bconductibilily may be recognised by the simple contact 
^the hand. Thus, wood appears less cold than marble, 
[1 marble less so than metal. The order in whjch we 
e named these lliree substances is that of their relaiively 
creasing conductibility. It is supposed that the three 
»dies are touched after attaining the same 
piperature by remaining for some time to- 
r in the same room. 

e same reasoning applies also to the fol- 
; experiment. Round a cylinder con- 
ructed one half of copper, the other half of 1 
>od, roll a sheet of paper (fig. 38), and plunge 
K white surface into aflame for some momenta, 
fact of the cylinder being composed of 
t«'o different substances will soon make itself 
apparent. That part of the paper which covers ""uhiii/i-Mtr 
(lie wood is seen carbonized ; that which covers ° "^£5'."' 
the copper remains white. This takes place 
because the copper, a good conductor, takes the heat from 
the paper as fast as it comes from the florae, whilst the 
wood allows it to accumulate. 

We also find a very curious example of conductibility in 
a property of metallic gauze, which has given rise to one 
of the most beneficent applications of scientific knowledge 
in practical life. If we place a piece of wire gauze over 
the flame of a jet of gas (fig. 39), the flame does not 
traverse the gauze ; the exterior stratum, or hottest part of 
the flame (as shown in Chapter III.), reddens the gauze, 
and the circle of fire thus traced is a new demonstration of 
the constitution of flame. No combustion takes place above 
the gauze, which, however, gives free passage to the com- 
bustible gas. This may be proved by presenting a lighted 
match above the gauze, when we shall see the gas bum ; 
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or we may extinguish the gas at the jet, and replacing ihfc 
gauze, we can light it above without the flame passing 
below. The metallic gauze, therefore, intercepts tlie heat 




only; it sufficiently cools the ignited gas to prevent the 
combustion commenced a.t one side from taking place at 
the other. This cooling is due to the conductiliility of the 
copper wires which compose the gauze, exactly as in the 
preceding experiment. 

By taking advantage of this property of metallic gauze 
Sir Humphry Davy constructed the safety-lamji for the pur- 
pose of protecting coa!-miners from the terrible accidents 
to which they are exposed by the disengagement of fire- 
damp. Each blow of the pickaxe which disengages a block 
of coal liberates a certain quantity of this substance, a gas 
formed of carbon and hydrogen, which exists naturally in 
the interstices of the coal. As the mine is always at a 
considerable depth in tiie earth, it is worked by dig^ng 
galleries, and consequently the fire-damp {as miners call 
this gas) remains in them, mixed with a proportion ot 
atmospheric air. If a light approaches this mixture, e^qiLo- 
aion takes place, in consequence of the rapid combination 
of the carbon and hydrogen with the oxygen of the air. 
The poor miners may be burned by the flame, or killed by 
the shock of the explosion ; and even if any of them escape 
these two causes of death, they are often asphyxiated by 
the carljonic acid gas which fills the galleries after the 
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rombuslion. It is therefore necessary, above all, lo ventilate 
(he mines properly, to make considerable volumes of air cir- 
culate in the galleries, so as to cany the lire damp away as 
I fast as it is disengaged ; and lastly, to give the workmen a 
Lmcans of being warned of its 
as soon as there is 
py danger. 
To illustrate this, surround 
e flame of an oil-lamp (fig, 
fa) with a covering of metallic 
:, and we shall see what 
Ippens when this lamp bums 
p the miiisC of the fire-damp, 
"le combustible gas will enter 
nip through the meshes 
f the gauze, and will bum 
tiiere by contact with the flame 
of the oil; which will therefore 
become elongated and pale, 
■ yillentirelyfill the interior 
of the network, Bui this fianie 
will not be able to pass out. 
if the meshes of the gaune are 
^;ilHciently close, and if there 

■re no holes formed by rough sir Humphry d'°»: 

ii-age. The miner being warned 

\iy the appearance of the flame in his lamp, should, (A 
course, hasten to quit the gallery, but yet do so cautiously, 
without shaking the lamp, because it is still possible that 
little incandescent particles may escape through tlie gauze 
before it has had time to cool them. In this case the 
interior flame wil! extend outwards mechanically, and 
explosion will take place. 

It is plain from this that scientifically, and indeed for all 
practical purposes, the problem how to secure safety to our 
miners has been satisfactorily solved. Unhappily, the em- 
ployment of Davy's lamp necessitates on the part of the 
men certain precaurions, and these involve a certain amount 
of intelligence. When kept in bad repair it becomes b 




source of danger. Some of the wires may be already partly 
destroyed by oxidation; the flame, enlarged by the fire-damp, 
then completes their destruction ; the rotten gauze yields 
to the pressure, and explosion takes place. Thus accidents 
cannot always be avoided. These considerations have led. 
to the invention of the electric lamp, burning in a vaci 
tube, by which Davy's lamp may now be advantageously 
replaced. To describe it in this book would, however, be 
to depart from our proper task, 

2. Substances -which are bad condiutcrs. 

As yet we have occupied ourselves chiefly with solid 
bodies, which are good conductors of heat Stones, glass, 
wood, and animal and vegetable tissues are bad con- 
ductors, through which heat is transmitted with difficulty. 
These substances will even completely arrest heat when in 
the state of powder or fibre, which is due partly to the fact 
that mechanical division destroys molecular continuity, which 
is necessary to conductibility, and partly that it interposes 
between the particles of the solid body layers of air, wl ' 
conduct heat very badly. Thus, we can hold a red-hot 
cannon-ball with impunity, by covering the palm of the 
hand with asbestos. Artillerymen transport red-hot cannon- 
balls in wooden wheelbarrows filled with sand. Similarly, 
ice is preserved in sawdust; in the United States, ships 
are loaded with it in blocks of about two hundredweight, 
which are surrounded with sawdust, and thus sent into 
warm climates. In. 1851 the export of ice amounted to 
50,000 tons, and the cost of sawdust for its transport 
amounted to nearly £,'^000. In spile of this precaution, a 
part of the ice melts during the voyage. In the pass.age 
from Boston to Calcutta four fifths are melted in conse- 
quence of the long passage and great heat. 

In the construction of ice-houses the feeble conductU 
bility of bricks is utilized. An ice-house is a deep pit lined 
with bricks (fig, 41), to prevent the heat of the soil from 
reaching the ice which is stored in them. The roof is 
covered over with straw, to intercept the heat of the sun, 
and trees are planted around, the foliage of which serves 



Its an additional screen. Air must also be prevented from 
circulating in the interstices of the ice, to effect which the 
pit is filled up with water during the winter, so that by 
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approach of warm weather, the ice gradually melts to 

le extent, and the water thus formed drains into a well, 
through a grating provided for the purpose, at the bottom of 
the pit 

On account of iheir slight conduccibilily, bricks are used 
in northern countries for the construction of stoves. Ad- 
vantage is taken of their property of cooling slowly, after 
having been strongly heated. The fire is lighted only in 
the morning, and when all the fuel is transformed into hot 
coals, the openings are closed j the heat Is feebly radiated 
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by the exterior surface of the stove, which is covered with 
glazed delf, and it is sufficieot to compensate the loss of 
heat by the walls of the room. Brick waih are also pre- 
ferable to those constructed of stone, which should be 
thicker, because the latter substance conducts heat bett^ 
than bricL An excellent wall would consist of two wooden 
partitions filled with sawdust. It must be remarked that 
the same walls are good for hot countries as for cold ; be- 
cause by taking care to keep all openings closed during the 
day, they prevent the outer heat from entering. 

As an example of the singular facts explained by con- 
ductibility, Professor Tyndall mentions an instance of a 
steam-vessel being nearly lost under the circumstances men- 
tioned below. It hapjjened, during a se^-voyage, that the 
engine-boiler became covered interiorly with a deep layer erf 
earthy matters, deposited by the water. Deposits of this 
kind always occur on the sides of vessels in which ordinary 
water is boiled, the material being dissolved by the water 
from the earthy beds it has filtered through In the above 
instance, however, the deposit had been allowed to collect 
beyond measure. Now this crust is a very baci conductor 
of heat; the heat of the furnace therefore traversed it with 
difficulty; so that, to obtain sufficient steam to work the 
engine, it was necessary to burn more fuel than customaiy. 
The supply was exhausted before th'? ship had arrived in 
port; they had then to bum the deck and all the wood that 
could be found in the vessel, The cause of this unpre- 
cedented consumption of fuel was discovered after arriving 
in port. 

Tissues of organic origin are the worst conductors of 
heat Many animals and vegetables are able to resist 
sudden changes of temperature, owing to the perfection of 
their natural clothing. We oinselves try to imitate nature 
in our apparel. Woollen stuffs prevent the body from losing 
its heat in winter, and from absorbing that of exterior bodies 
in summer, for which puq.ioses it is more suitable than 
cotton, because it is a wor^e conductor than the latter. 
The material of our garments is always formed of sub- 
stances which have served to cover animals or vegetables. 
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Warm-blooded animals, more especially, require consider- 
able protection, because tlie loss of iieat suffered by a body 
increases with the excess of its temperature over that of 
surrounding space. Thus animals living in cold countries 
ire covered with a thick fur, and the birds with a plumage i 
even more efficacious than ~ 

the fur. We find in these 
I naiurat coverings the mecha- 
gflical division of substances, 
■ bad conductors, pushed 
, infinity. The thousands 
J_filaments which constitute 
. or make up a featiier, 
wse a most effective ob- 
to the transiuission of 
As to theaerial oraquatic 
Inals, whose bodies have a 
iperature but slighdy supe- 
t to that of the medium they 
tnabit, they have no necessity 
for clothing; the activity of 
their vital functions varies with 
the temperature of the medium 
in such a manner, that the tem- 
perature of their bodies suf- 
fers the same changes. These 
are the coI<l-blooded animals. 
Cold stupefies them, because 
their vital activity diminishes with the temperature ; warmth, 
on the contrary, reanimates them, because their vital activity 
augments under its influence. A direct reJarion is established 
between the interior and exterior conditions. 

Liquids conduct heat like solids ; but conduction is here 
habitually complicated with another phenomenon called 
mvection. 

3. Cimveclion of Heal in liquids and gases. 
IVe have here a glass vessel full of water, and heated 
n the bottom {fig. 42), A little sawdust is disseminated 
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through the water, both having about the same density. 
The particles of wood may be seen to rise in the axis of 
the vessel, and to descend by tiie sides. What is the cause 
of this motion, or continuous circulation? The water 
heated at the bottom becomes lighter ; it therefore rises, 
and with ii tlie sawdust. As it rises, however, it is cooled, 
in some degree, by contact with the cooler layers through 
which it passes, and, arrived at the surface, it is stiil further 
cooled by contact «ith the air, and by radiation. The sides 
of the vessel ace also cooled by the two last mentioned 
causes, so that the water which touches them is heavier 
than the water in the central parts. This heaviei' water 
falls to the bottom, where it is warmed, and from whence 
it rises up the centre, and so on as before. The particles 
of wood follow all the movements of the water, and serve 
to render them visible. 

Convection consists in this displacement of fluid strata I 
thus unequally heated, and it results in the rapid diflusion ol 
heat throughout the whole mass, although the liquid itself \ 
may be a very bad conductor ; for the warm parts heat 
the cold parts by contact with them, and this minghng of 
parts incessantly takes place so long as the vessel remains i 
on the fire. If we wish to observe the conductibility only, , 
we must prevent the transport of heat by convection ; and 
to effect this we have only to heat the liquid from above. 
Despretz accomplished this by placing on the surface of the ' 
liquid a metal box, through which a current of hot water 
was kept running (fig. 43), by which the liquid column was 
heated from above downwards. The first layer, on heating, 
became lighter ; it therefore remained on the surlace : it 
heated the next layer lower down by conduction ; but this, 1 
not being able to heat itself sufficiently to become lighter | 
than the first, remained in its place, and in its turn heated a 1 
third layer : and thus the process went on to the end. 
Several thermometers disposed horizontally down the side 
of the vessel, as shown in the engraving, indicated, after a 
sufficient lapse of time, temperatures decreasing from above. 
Therefore, bquids conduct heat ; but they are in general slight 
conductors. Water, especially,isof veryfeebleconductibilityj 



ihoiigh, for the want of sufficiently precise experimenis, thi| 
S been long denied. Thus, by putting water in a glass lub< 




with some ice at the bottom (fig. 44), the water may be made 
to boil witliout melting the ice. But this only proves that 
the water is of feeble conductibility, and not that it has 
□one at all. 

It is much more difficult to prevent convection in ga.'ies 
than in liquids. Currents establish themselves not only in 
a vertical direction, in consequence of the unequal densities 
of hot and cold parts, but also in all other directions, in 
consequence of the expansibility of gases by heat. In all 
the experiments made on these fluids, the effects produced 
may be attributed either to conduction or convection. This, 
however, does not render it the less interesting to observe 
the effects produced by different ga,ses. 

kWe observed in Chapter III. that the metallic wire 
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uniting the copper and zinc at the two ends of a Voltaic 
pile was heated by the interior motion emanating from the 
pile, which is called the electric current. If the wire be 
replaced by a series of metallic parts, among which is a 
platinum wire of sufficient fineness, this last may be heated 




to redness. For example, a wide glass tube has the wire 
fixed in its axis, with the help of copper wire traversing 
the corks adapted to the extremities of the tube (fig, 45), 
Each of the corks carries besides a smaller glass tube. 
These tubes, being open, the air naturally fills the appa- 
ratus, envelopes the fine wire, and cools it This is proved 
by the fact that, if we close one of the small tubes, ; 
remove the air by the other with an air-pump, we shall a 
the inrandescence of the wire increased. 



bes, and I 
shall see I 

J 
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t Now open the litiie tubes again, and 

Upt to one of ihem a bladder filled 

"i hydrogen gas ; by pressing the biad- 

we shall cause the gas to enter the 

, and thus surround the wire ; we 

I imiTiediately see the wire lose its 

indescence. Therefore, hot bodies are 

a greater degree by the contact 

If hydrogen than by that of air. 

It is supposed that conductibility is in 

'e above experiment the principal cause 

If the difference observed in the beha- 

r of the air and the hydrogen, and 

i the latter is the best conductor of all 

6 gases. The effect of the hydrogen 

s in contact with the incandescent wire 

s the same as if the latter had been in 

mtact throughout its entire length with a 



reduced to its least 

^sible activity, the air transmits beat 

y badly, from which it of course follows 

'r is but a bad conductor of heat. 

This property of the atmosphere contri- 
butes to the efficacy of furs and other 
articles of clothing. A stagnant bed of 
air fills the interstices of their filaments, 
and arrests the heat. If they were com- 
pressed strongly so as to remove the air, 
they would become better conductors. If 
this air were not stationary, if it were 
subject to renewal, it would transmit heat 
by convection, and the clothing would 
thus lose its efficacy. This explains why 
furs are warmer when the hair Is turned 
inwards. 

The double windows used in cold 
countries, and in our hothouses, are an f, 
HtapUcation of these principles. Between ' 



I 
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the two panes of glass there is a thin stratum of air, which 
cannot renew itself, and in which the currents are veiy 
feeble ; it acts therefore hke a bad conductor, preventing 
the heat of the room or hothouse from escaping' by con- 
duction. Neither is the heat transmitied by radiation, 
because glass does not allow the dark rays to pass. As to 
the solar rays, which are of another nature, they enter 
freely, and contribute towards the elevation of the interior 
temperature. 

The celebrated Saussure constructed a wooden box, 
blackened interiorly, one of its sides being formed of three 
panes of glass separated by thin layers of air. By putting 
a vessel of water in tlie box, and exposing the glass side to 
the rays of the sun, he was able to make the water boil 
The explanation of this curious experiment forms a recapitu 
lation of what we have already stated concerning radiation 
ind conductibility. The heat of the sun traverses the glass 
and the interposed layers of air by radiation, and is readily 
absorbed by the blackened sides. Being transformed into 
dark heat, it can no logger traverse the glass by radiation j 
it is therefore entirely employed in heating the air and 
water contained in the box. The sides of the box, strongly 
heated interiorly, keep at a high temperature, in consequence 
of their shght conductibility, which renders them insensible 
to the cooling action of surrounding bodies. Finally, the 
glass surface acts in the same way, in consequence of the 
two layers of air which remain stationary. 

4- Effects of conviction in the ocean. — Marine currents. 

Conductibility plays an important part in the physics 
of the globe. The distribution of the solar heat on the 
surface of the earth is more especially etfecled by convec- 
tion in the waters of the ocean and in the atmosphere. 
Immense currents form in the midst of the seas, and give 
rise to certain laws of temperature, which are as yet but 
obscurely known. Other currents agitate the strata of the 
atmosphere at various heights ; and these constitute the 
winds which sweep over our continenis, and brin^ in turn 
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dryness and humidity, in obedience to laws of which again 
a few only have been observed. 

To understand the manner in which heat determines the 
marine currents, imagine the terrestrial globe to be entirely 
surrounded with water, and consider the action of the solar 
rays on that immense ocean. At the equator, these rays 
arrive in a direction but little removed from the vertical ; as 
we near the poles, they become farther removed from this 
direction ; and at and close to the poles, they glance across 
the surface of the earth in a nearly horizontal direction. 
Their heating effect, therefore, 
diminishes from the equator 
towards the poles. In con- 
sequence, the superficial layers 
of water in the equatorial 
regions have a more elevated 
temperature than those oi 
the polar regions. The lattti 
therefore descend to the bot- 
tom of the ocean, and form 
lower currents, which travel 
from the poles towards the 
equator, and become progres- 
sively heated. On reaching 
the equator, these masses of 
heatedwaterrise to the surface, 
and there acquiring a hight 

towards the poles in the form of upper currents. Thus an 
incessant circulation would occur in the liquid envelope of 
the globe, as indicated by the arrows in fig. 46. 

Now consider the earth as it exists, with its several 
continents and se;is. The form and temperature of the 
coasts modify the currents which should be established 
between the poles and the equator. In seas which are 
nearly land-bound these currents cannot take plai 
the local action of the solar rays alone regulates their tem- 
perature : thus the water of the Medi 
than that of the ocean ; the waters of thi 
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sea. This causes a wind called Ote evening breeze, wliirh 
lasts as long as there is sufficient difference in the tempera- 
ture of the land and the sea, and so long as the air is not 
disturbed by winds due to other causes. It is this evening 
breeze ivhicli the sailor utilizes in leaving a port 

In the morning, when the sun ayain shines, the same 
phenomenon occurs, but inversed. The eartli gets warn) 
quicker than the sea, and the breeze comes froin the sea 
towards the land ; it brings ships into port. 

In the same manner mountain breezes maybe explained, 
In the evening we feel in the valley a breea'; coming from 
the tups of the mountains, because there the cooling is 
most intense. In the morning the wind changes in direc- 
tion, because the summit of the mountain receives the sun's 
heat before the bottom of the valley. 

Extend our reasoning to large surfaces of country and 
great masses of air, and we have the explanation of the 
trade-winds (monsoons), which blow in some 1 
six months in one direction, and for six months 
opposite. In the Mediterranean, for example, th 
as a rule comes from the north during summer, and from 
the south during the winter. We pass over the aciidental 
winds by which the atmosphere is at times disturbed. The 
summer monsoon is produced by the heating of the Sahara 
dest;rt, and that of the winter by its cooling; whilst the 
sea and the southern coasts of Europe preserve a nearly 
constant temperature. The inequality in the length of the 
passage between Toulon and Algiers, which is 
one direction than in the other, is due to these monsoons. 
As the heating of the desert is more intense than its 
cooling, the monsoon from the north is stronger than that 
from the south, and a sailing vessel which makes the pas- 
sage regularly in both directions during a whole year takes, 
on an average, a longer time to accomplish the voyage from 
Algiers to Toulon than that in the reverse direction. 

It will assist our application of these facts to the entire 
earth if we imagine, as we did in our study of the i 
currents, the whole surface of the globe to consist of water, 
and this again to be surrounded by 3 
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t' file equator, as before, that the liquid surface is most 
heated. The air at the equator will, therefore, be lightest, 
in consequence both of its temperature and of its humidity, 
which rises with its temperature. If the earth were im- 
movable, this air in rising from the surface would be replaced 
by colder air coming froin the poles, and it would establish a 
circulation iiice that represented in fig. 46. In the northern 
hemisphere there would be a perpetual north wind, and in 
the southern a perpetual south wmd ; the two winds meeting 
at ihe equator with an equal but contrary motion, would 
there destroy each othei, and there would be a region of 
perpetual calm the whole length of the equator. 

But the earth turns on its axis in one day. Its speed at 
different points of its surface decreases from the equator to 
the poles, wliere it is nulL Therefore, as a mass of polar air 
descends towards the equator, it will pass over a surface 
which goes quicker than itself towai'ds the east Let us 
consider the effects of this. 

Suppose that we are stationed on this surface; it would 
carry us towards the east, and the air which surrounds us 
would also move in the same direction, but less quickly than I 

ourselves. We should, therefore, traverse and displace It, 
and the resistance which it would oppose to us would be | 

exactly the same as that of a wind coming from the east. | 

Further, if the air possessed at the same time this movement 
towards the east, less rapid than ours, and a movement from 
the north pole towards the equator, its resistance would be I 

that of a north-east wind. ' 

In this manner the diurnal rotation of the earth modifies 
the circulatory movement of the masses of atmospheric air, 
due to the convection of heat. In the northern hemisphere 
we sliould have a north-east wind ; in the southern hemi- 
sphere a south-east wind, for a similar reason ; and along 
the equator an east wind, resulting from the combination of 
the two preceding. 

In place of the imaL;inary liquid earth, let «s now con- , 

sider the earth as it exists with its continents and its seas, 
the latter, in the equatorial region, covering the greater part | 

tHjf its surface. The -same cause for winds will continue tO_^^H 
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exist ; but a crowd of complications will result from the in 
equality of the surface, and the winds indicated by our reason- 
ing will not always exist. They are called trade winds. They 
were observed for the first time by Christopher Columbus, 
and carried iiis ship towards America. It is related that 
his companions were terrified by them, because they feared 
they shoukl be unable to retrace their steps. We owe the 
first explanation of tiiese winds to the illustrious Halley. 

While ihe trade winds can be proved to exist on the 
surface of the globe, It appears more difficult to verify the 
existence of upper airrents, which, predominating in the 
higher regions of the atmosphere from the equator to the 
poles, complete the circulatory movement. Their direction 
should be the reverse of the lower regions ; that is to say, 
south-west in the northern hemisiJhere, and norlli-west in ihe 
southern. Tiie existence of these winds is proved, however, 
by the pulverulent matters which they carry from one region 
to another, and of which the following is a curious example. 

In the spring and autumn, a dust may be often collected 
in France and Italy, coming in the form of a shower, and 
in which the microscope reveals organic remains from 
Central America. There are marshes which are dried up 
at these periods, and which are swept by very violent 
whirlwinds. They raise the dust of the soil to the height 
of the upper trade-wind, which, coming from the south-west, 
transports it towards the north-east, into Europe, in the 
space of about a month. 

We may cite further the case in which ashes and cinders 
were transported from a volcano in Guatemala, which 
happened in 1853. The ashes were blown from the west 
eastwards, towards Jamaica, and were so abundant, that the 
country was darkened by them for several days. 

From all these observations we conclude, thai if the con- 
vection of heat in the fluid part of our globe is not the only 
cause of marine and atmospheric currents, it is at least their 
principal cause. It is only after having thoroughly defined 
the manner in which this cause acts, that we should o 
ourselves with the consideration of other causes, 
enter the domain of meteorology. 
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Place a \» ell-closed bladder nearly filled with air near the 
fire ; it will gradually expand, and at length burst And 
yet the quantity of air it contains remains tlie same, because 
comraunication is not possible between the interior of the 
bladder and the atmosphere. At the same time the bladder 
becomes somewhat heated, and if we tie its neck round the 
tube of a thermometer (fig, 49), placing the bulb in the centre, 
we shall see thiit the temperature of the interior air rises. 
Remove the bladder from the fire ; it will contract of itself, 
and, growing cool, will resume its former condition. Thus, 
in absorbing heat, the air in the bladiler has undergone two 
modifications, an elevation io temperature and an augmenta- 
tion in volume. In losing heat it, on the contrary, suffers a 
diminution both in temperature and volume. The change 
of temperature is easily understood ; it is neither more nor 
less than the manitestation of the property possessed by 
all bodies of being heated or cooled, of changing their 
calorific state by absorbing or disengaging sensibU heat, and 
this term we shall always employ to designate heat which 
is appreciable by the thermometer. But the change of 
volume is a diflerent matter, which we shall now proceed to 
consider. 

The bladder is pressed interiorly by the air it contains, 

and exteriorly by the atmosphere, and as it is very flexible, 

and not elastic, we must admit that the two pressures are 

, in equilibrium. When it is heated, the interior pressurtj 
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is augmented at the same time as its sensible heat; and this 
augmentation may be measured by the height to whicli the 
liquid column is raised. As to the bulk of this air, it is 
increased to an extent equal to the volume of the oil raised 
in the tube, an.! to that wliii:h corresponds to the expansion 
of the flask. We have therefore 
demonstrated the following property 
of gases : When a gas is heated with- 
out its volume being allowed to 
change, its elastic force increases 
at the same time as its temperature. 
Generally, this increase of elastic 
force is not so visible as in the pre- 
ceiling experiment Take, for ex- 
ample, the apparatus represented by 
figure I, which consists of a hollow 
copper ball, mounted on wheels. 
Stop the opening tightly, and light 
the spirit-lamp beneath. The air in 
the ball will now be heated, whilst 
its volume is as nearly as possible 
unaltered. It presses the siiles of 
its prison at all points ; but they 
resist, and nothing makes this pres- 
sure visible. As soon as the tem- 
perature rises to about 272°, each 
square centimetre of the internal 
surface will he subjected to a pres- 
sure from within equal to a force 
volume rtmji'ill'n^g'ihss^im't" of more than two kilogrammes, 
whilst on an equal e.'^tent of the 
outside surface the atmosphere exercises a pressure of only 
one kilogramme. If the stopper exhibit a surface of one 
square centinietie, it will therefore be now submitted to a 
pressure of one kilogramme from within ; and in consft- 
quence, if it is not firmly fixed in the orifice, it will be 
thrown out, and the apparatus will recoil, as already ex- 
plained. If the stopper be fixed more firmly, the temperature 
must be raised higher ; the elastic force will increase, and 
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F'Hiay become sufficiently great to make the stopper fly out 
We shall have a proof of this increase in the force of the 
recoil, which becomes greater as the temperature rises 
higher at which the explosion occurs. 

This experiment explains explosions that take place under 
a number of circumstances. In most cases these are due to 
inflammable substances being contained in a closed space. 
The combustible takes fire, accompanied by chemical com- 
bination, and the disengagement of heat and hght The 
mixture becomes intensely hot, and there is no room for it 
to expand. Its elastic force increases rapidly, until at last it 
overcomes the obstacles opposed to it. When this takes 
place, the gases rush out with violence ; and the disturbance 
thus occasioned is the cause of the noise we hear. 

Explosion may also take place without the intervention of 
the air; for example, with gunpowder, because the substances 
which compose it become transformed into gas, as we have 
seen in the first chapter. 

When a ga.s is heated, its volume being kept constantly 
the same by confinement in a close piace, the heat is only 
employed to give its molecules a particular activity, which 
is manilested by an increase of elastic lorce and sensible 
heat; it must not be supposed that the increase in elastic 
force is a mechanical work which consumes heat. The 
beat produces only a single eflect, which is eleiation of 
temperature, and there is no work done, because, in the 

idification which the gas undergoes, no resistance is over- 
le by force. To say that the heated gas pre-sses the 

ies of the vessel more than the cold gas, is to say that 
heat it acquires augments its expansibility; there is no 

listance overcome here, as in the case of the gas being 
heated under a constant pressure, The sensible heat sup- 
phed to the gas gives it an expansive property, which would 
serve to measure this heat, as well as its action on the 
thermometer. It may be said that expansibility and tem- 
perature in a gas are two forms of the sensible heat which 
It contains. 

We therefore arrive at this second rule relative to the 
Icaiing of gases : When a gas is heated, its volume remaining 
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constant, all the heat it receives remains in the gas i 
sensible state, and sen-es to elevate its temperature : this 
devation in temperature is accompanied by an increase 
in the pressure against the sides of the enclosing vessel, 
and is neutralized by their resistance. Reciprocally, when a. 
cooled, its volume remaining constant, it loses a part 
sensible heat,_which passes into exterior substances, 
the temperature and pressure falling simultaneously. 

From our two rales we may draw the following conse- 
quence. To raise the temperature of a kilogramme of air 
from zero to 272 d^rees, it would be necessary to consume 
a larger quantity of heat, if the air dilated whilst preserving 
the same pressure or elastic force, than if it were kept at 
'a constant volume ; becau=e in the first case heat is expended 
to effect aniechanical work which does not take place in the 
second. This conclusion is confirmed, in fact, by abundant 
experience. 

Gases are most often heated under such circumstances 
tiiat there is a simultaneous change in volume and pressure. 
The quantity of heat which they consume then depends 
both on the elevation in their temperature, and on the 
mechanical work put in play. Everytliing else being equal, 
it therefore varies with this work. A kilogramme of gas 
consumes when rising in temperature, to a certain extent, and 
reciprocally disengages, when falling, different quantities ol 
heat, according to the mechanical effects which take place. 
When the volume of the gas augments, a mechanical work 
is produced, and a certain amount of heat disappears ; 
when it diminishes, the mechanical work is spent, and heat 
appears. We have discussed the relation between heat and 
work whilst occupied with the mechanical equivalent of 
heat. 

The principle enunciated above explains how the hot-air 
engine produces work by the consumption of heat Whilst 
dilating, the air contained in the machine produces work; 
Whilst contracting, the same air expends work, but less in 
" lount, the difference between these two being the part 

lilted. Further, in the former case heal is consumed, and 
the laller a less quantity is disengaged; the difference 
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:ween these two quantities of heat is destroyed, or rather j 
inverted into work. 

a, Actioji of Heat on solids and liquids. — Grandair of 
molecular forces. — Interior work. 

The action of heat on sohds and hquids is more compli- 
cated than its action on gases, because the molecules are 
held together with considerable force. Imagine a mass of 
iron heated in the midst of the atmosphere. It expands 
and produces a preliminary mechanical work analogous to 
that of the vessel filled with air which was under considera- 
tion at the commencement of the present chapter. A cubic 
decimetre of this substance, heated from o" to 100° C, in- 
creases in volume scarcely four cubic centimetres: if this 
mass of iron have the cubic forn, each edge lengthens about 
twelve-hundredths of a niilUuietre. The atmosphere exerts 
over each of the six faces of the cube, a pressure of 103 
kilogrammes, and this is the measure of the exterior resist- 
ance which the heat must surmount in order to expand the 
body. The total work produced is the displacement, by 
six-hundreclths of a milhmetre, of six times ro3 kilogrammes, 
a quantity less than one-tenth of a kilogramme. As we 
know that each thermal unit is equal lo 435 kilogrammetres, 
we may conclude that the heat consumed by overcoming 
the resistance of the atmosphere in the pher.omeiion under 
consideration is very small, and need not be taken into 
account. But we shall find a second kind of work which 
we did not meet with in gases. 

The molecular forces in solids and liquids may, without 
exaggeration, be called stupendous. Experiments made 
on the elasticity of solid substances show that, to lengthen 
by twelve-hundredths of a millimetre the side of a cube ol 
iron one decimetre in length, requires a force of about 
250,000 kilogrammes. Such would be the exterior force 
necessary to overcome the resistance of the molecular forces. 

Now that which requires this enormous mechanical effort 
heat effects naturally, and at the same time raises the tem- 

Kture of the cube of iron from 0° to 100° C. It therefore 
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overcomes the rtsistance of the molecules i 
separates them after the manner of a veritable force, thus 
■effecting an interior work capable of being expressed in 
Jtilogrammutres. Each time 425 kilogram mo tres are thus 
Broduced in the interior of a body, one ihermal unit will 
oave been expended, for which we shall not be able to 
account in the amount of sensible heat possessed by the 
body. 

We have another proof of tlie grandeur of the molecular 
forces in the enormous mechanical efforts developed by the 
expansion and contraction of solid and liquid substances 
fwhen they undergo a change in temperature. 
» In making a cart-wheel, the workman heats the irran 
hoops so as to expand them, when they pass over the 
wheel very easily, and are allowed to cool : the contractioQ 
<Df the tire causes it to bind the wheel with great force. 

The iron rails laid on railways are not fitted closely end 
,to end, but are always separated from each other by a 
■mall interval, so that they jiiay be able to expand freely in 
their length. Without this precaution they would bend 
'during the heats of summer. In fact, if the rails were close 
together over a length of 250 mile^:, the total change in 
Jength, from winter to summer, would be over 900 feet; 
as the sleepers fix them firmly to the soil, they could 
not suffer such a change without twisting out of shape. 

■ gain, it is the force of expansion or contraction which 
itauses the rupture of substances which are bad conductors 
-flf heat, when they are subjected to a sudden cliange of 
temperature. For example, if you touch glass with a piece 
i«f red-hot iron, the glass breaks. It is because the parts 
itouched expand rapidly, and the neighbouring parts remain- 
ing cold obstruct the expansion ; they are roughly repulsed 
in every direction, so to speak, and separate from each 
'ather. The same effect would take place if the glass were 
touched by a substance excessively cold ; but in this case 
rupture would be due to the rapid contraction of the 

Elecules. The possibility of breaking cold glass by the 
,tact of a very hot substance is utilized in cutting gli 
ids. A mark is made on the glass with a file, aiu 
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I ^ece of red-hot charcoal applied to it ; the rupture takes 
place in the direction of the mark ; the charcoal being then 
drawn along just in advance of the crack, and in the 
necessary direction : and the glass may be cut in this direc- 
tion if it has no irregularities of structure. 

To observe the force of expansion in liquids, a vessel 
made of glass, or oiher lesistant material, may be filled 
with the liquid upon which we wish to operate, closed 
hermeticallv and heated the vessel will be broken if the 
cork be quite tight 

Take in iron vessel hiving somewhat the shape of a 
bottle or fliak, and holding about a quart ; fill it with water 
and close tt with a screw stopper, then heat it to boiling 
point. The expansion of the iron vessel will barely amount 
to a quarter of a cubic inch, whilst the water will increase in 
bulk more than two and a half cubic inches, about ten times 
more than the vessel. This water will therefore exercise an 
enormous pressure on the iron which encloses it, distort- 
ing its shape, and finally breaking it, if it be not sufficiently 
strong. 

A very curious application of the force of contraction ol 
solids has been maiia by the architect Molard, on the build- 
ing of the Conscn-atoirt des Arts et Metiers in Paris. The 
walls of a vaulted gallery had been pushed outwards by the 
weight of the superincumbent masonry, anil it was feared 
the whole would fail Molard arranged iron bars in a 
parallel direction, passing through the walls, and carrying at 
both ends a screw thread fitted with screws (fig 52). He 
healed the bars throughout their whole length, and having im- 
mediately strewed them up tight, allowed them to cool. The 
contraction of the iron, which proceeded slowly as it cooled, 
drew the walls nearer together without endangering them; 
and this was repeated several times, until the walls were 
reestablished in a vertical position. The bars were left to 
maintain them so, and may be seen to the present day. 

The laws of the dilatation of metals deserve the more 
careful study, seeing that iron especially is now so generally 
used for building purposes. A serious quciiion might be 
'.ether its universal employment is not in some 
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summer because their expansion is confined by the fastei^ 
ings, and tear apart in the -winter because their contractioa 
is hindered. It is therefore advisable to make one sheet 
overlap another, much in the some manner as tiles, so that 
the metal may freely undergo the changes of dimension to ' 
which it is subjected. It is equally necessary that gutters 
which are exposed to the air, should not be soldered 
together in too great lengths. Strong stones have been 
broicen by the expansion of bars of iron fastened into them. 
The stones even, although thL'irex[Kinsibility is not grca^ 
sometimes separate from each other in very cold weuher, 
and again close up when it becomes warm. In bridges m 
lowering or elevation of the arch results from the e 
causes. Suspension bridges are, above ail, peculiarly li 
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' <|e these dangerous alterations of expansion and contraction. 
A chain of loo yards long suffers in one year a variation of 
about two inches and a half. These effects must all be 
taken into consideration in the construction of buildings ; 
and, above all, materials expanding unequally must be kept 
separate, because it is the unequal expansion of different 
parts which oftenest causes the greatest danger to the whole. 

After having thus deinonstrated by so many observations 
the power of the molecular forces which exist in solid and 
liquid substances, we conclude that heat, in overcoming the 
resistances of these forces, produces an interior mechanical 
work, and that it is partially spent or consumed in the 
operation, according to the following rule : — 

When a solid or liquid body is heated, and it expands 
whilst overcoming an exterior resistance, such as that of the 
atmosphere, the heat consumed may be divided into three 
parts ; the first is expended to produce an exterior work, 
the second to produce an interior work; the third, passing 
into tlie body, remains in a state of sensible heat and causes 
an eles'ation in the temi)erature. 

If the body which has been heated is afterwards cooled, 
the heat which it disengages comes from the three pre- 
ceding operations, effected inversely : a part is created by 
the exterior resistances when they press on the surface ot 
the body, and compress it little by little. Another part is | 

created by the molecular forces, as they draw the molecules 
nearer to each other, and replace them in their primitive 
positions. The remainder of the heal disengaged is the 
sensible heat of the body, which passes outwards at the 
same time that the temperature falls. In the first operation j 

an exterior mechanical work is expended, and in the second . 

an interior work. 

It is t!ie existence of the interior work which establishes I 
an essential difference between gases and solids or liquids. I 
Generally, these* last-named bodies are not subjected to \ 
other exterior pressure than that of the atmosphere, and 
then the exterior work may be disregarded : the heat cor- 
responding to the interior work (which is called heat of ex- I 

^^pansion) and the sensible heat, only are considered. ^^^H 
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3. How the expansion of bodies is measured. — Afaximam 
density of water. 

We sliall now proceed to sliow how the expansion 
bodies may be measured. To attain this it is necessary 
invent delicate and extremely sensitive instruments. 

For gases, the most simple instrument has the form of 
Galileo's thermometer (fig. 6, A.) By weighing the amouDt 
of mercury necessary to fill the bull), and that which occupies 
one division of the tube, we may calculate by proportion 
how many times the bulb contains the capacity of one 
division. Then, having introduced the gas into the bulb, 
and a little mercury into the tube so as to separate the gas 
from the atmosphere, we shall know hoiv many divisions 
correspond to the volume occupied by the gas. 'When 
the bulb is placed in water by the side of the thermometer, 
and the water is heated, we may see the little mercurial 
index move, and the number of divisions it passes through 
measures the expansion, whilst the thermometer measures 
the number of degrees that the temperature rises. We 
thus prove the law of Gay-Lussac : for each degree, the 
volume of any gas whatever increases by 5^3 of its original 
volume. 

The same apparatus will serve foi liquids. We have only 
to fill the bulb with the liquid, as in the constniction of the 
thermometer, and to follow the same rules as with gases. 

In all cases the expansion of the glass must be taken ii 
account, as it makes the increase in the volume of the l 
or liquid in the bulb appear too small. We may convince 
ourselves of this fact by performing the following experiment 

Take a glass flask, to the neck of which is joined a tube 
divided into equal parts, and fill it with alcohol, coloured 
red, so as to form a kind of enlarged thermometer (fig. g^ 
If we plunge the flask into boiling water, we shall in 
diately see the level of the spirit fall ; but later it rises, 
ascends higher and higher. To explain this ;--The glatf 
which incloses the liquid becomes hot first; it therefore 
expands, and more -00m being thus provided, the level ot 
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the spirit sinks. But, gradually, the liquid also becomes 
heated, and, as it expands more than the glass, its level 
rises, not only to, but above its original position. 

It is by paying attention to this effect of the vessel II 
which they were contained, that the coeffideni of expansion 
has been measured in several liquids ; ■^ 

that is to say, the quantity by which the 
unity of volume infireases when its tem- 
perature is raised one degree, and it has 
been found that they have not the same 
cbefficient. Thus alcohol expands more 
than water, and ether more than alcohol. 

We may remark here that any body 
whatever that has been expanded by 
heat, contracts according to the same 
law in the inverse action of cooling; that 
is to say, it always resumes the same 
volume in passing through the same 
temperature. 

Water presents a peculiar phenomenon, 
which finds an important application in 

Take a large water-thermometer, similar 
to the last-mentioned flask, plunge it into 
water having a temperature of 46° Fahren- '^ni'on ofSqi 
heit, and let it remain in the water until it 
also is at this temperature ; we shall see the level stop at a 
certain division of the tube, which we shall mark. Now 
immerse a few pieces of ice in the water-bath, so as to cool 
it : the level of the water will descend in the tube as the 
temperature falls ; soon, at about 39°, it will appear stationary, 
but will again rise, and when the bath has fallen to 32° the 
level will have returned to nearly its primitive position. 
Thus the water inclosed in our large thermometer is at its 

allest possible bulk when at a temperature of 39°. 

'""e conclude from this that water at 32° Fahrenheit, when 
, first contracts, reaching its smallest volume when 
\ 39°, and afterwards expands more and more until 
^gins to boil. 
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There is, therefore, more water in a quart measure al 
39° Fahrenheit, than at any other temperature ; which we 
express by saying that water attains its maximum density 
at 39° Fahrenheit. It is in consequence of this pecuiiari^ 
that the kilogramme has been fixed on as the weight of a 
htre of water at this particular temperature,* and not at an 
indefinite temperature. 

The celebrated Saussure has noticed that the temperature 
at the bottom of deep lakes is 39° Fahrenheit (4° Centigrade) 
in all seasons ; we now know the reason. During the 
autumn nights, the surface of the water of the lakes is 
cooled ; and as it becomes denser, it sinks, and the lower 
and warmer parts rise to be cooled in their turn. As the 
water is most dense at 39° F. it follows that the parts which 
have fallen to this temperature should sink below all tKe 
rest, — that is to say, to the bottom. There is, therefore, a 
descending current of cold water and an ascending current 
of warmer water, so that the temperature decreases progres- 
sively from the surface downwards, and is always at 39' F. 
at the bottom. Wlien in the day-time the sun's heat reaches 
the lake, the upper parts in becoming warm become less 
dense, and remain in their place ; further, they absorb the 
solar heat and prevent it from reaching the water at the 
deeper parts of the lake. As colder weather approaches, 
the nocturnal cold becomes predominant, and at bst the 
whole bulk of water in the lake will have fallen to 39* F. 
On the arrival of winter the surface-waters becomecolderthan 
39° F., but at the same time becoming less dense, theystillpre- 
serve their position. The temperature increases downwards 
from the surface (where it may be at 32° F., 0° C.) until it 
reaches the bottom, where it is always at 39° F. When the 
surface-waters fall to zero C32° F.) it begins to congeal slowly, 
little needles of ice form, and float, because ihey are less 
dense than the water. Agitated by the wind, they increase 
in size by congealing the water that ihey touch, and at last 
they join together and form a sheet of ice which covers the 
lake. This glacial covering preserves the lower waters firom 

•Naniely,4'' Centigrade, or 39'' Falircnheii. In England the slandarf' 
£IL11oii of water weighs iolb.i.iateaipera.ture of (12° Fahrenheit. . 
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J, and thus their temperature is raaintaincii through- 
out the winter. On the return of warm weatlier the ice 
melts ; so long as the water produced is at ?ero, it remains 
at the surface ; it is not until after some time tliat it receives 
sufficient heat Co attain the temperature of 39° F., but there 
is a moment when the water throughout the whole extent 
of the lake will again have this common temperature. 
In the summer the upper parts are warmest, and if the 
lake be sufficiently deep they will prevent the solar heat from 
penetrating to the bottom. The lower parts are again but 
slightly heated by conduction, because water is an extremely 
bad conductor of heat To sum up, thanks to the maxi- 
mum density of water, heat is, as it were, stored up at the 
bottom of lakes and seas. It there maintains in exist- 
ence an infinity of beings, animal and vegetable, which have 
not therefore to combat either excessive heat or cold. In 
this provision we see an evidence of admirable order, and 
the fact, which at a first glance appeared anomalous, reveals 
itself as the principle of a grand terrestrial law. 

There is no de'-^ht more pure than that of the man 
who, after having h. ■ituated his mind to reading the book 
of Nature, is allowed to contemplate its beauties. The 
traveller tastes this pleasure when, face to face with a grand 
spectacle which he has sought at the price of a thousand 
fatigues, he reflects on the cause of the marvellous effects 
on which he contemplates, and raises his mind sufficiently 
to discover the law dictated by the Creator. And when he 
has seized this law there are no longer useless details for 
him ; he finds in the smallest lact which escapes the atten- 
tion of the listless a verification of the justice of his reason- 
ing. In this spirit, Rumford, traversing the glaciers of the 
Alps, stopped before a natural cavity like a small pit dug in 
the ice. He perceived a stone at the bottom of the water 
which filled this cavity, and in the following manner ex- 
plained how the pit had been sunk. The stone, resting in 
the first place on the surface of the ice, absorbs the heat 
of the sun better than does the ice, and thus melts a small 

k portion of the latter which surrounds it. The water arising 
J&om this fusion then becomes heated to 39° F. (4° C), an^^^f 
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st;ks to the bottom of the cavity thus commenced, 
giving up some of its heat, it there causes a fresh por* 
tion of ice to melt, and thus enlarges the cavity. Having 
then become less dense, it again rises to the surface, is again 
heated to 39° F. by the sun, and afterwards sinks to llie 



[Z 




Tig, 54.— Apparalus for BiEuuring Iht Elipsn^ion of Solid*. 



bottom, and thus continues the formation of the cavity. 
The pit has thus been gradually sunk by this circulation 
' ivaier taking from above the heat of the sun, and carry- 

_ this heat below to the ice. The stone remains at the 
bottom as a silent witness to the circumstances which have 
produced the hole. 

^Ve have still to study the methods of rendering the ex- 
pansion of solids measurable. It is so small that special 
instmments are necessary to measure it. Thus, we have 
staled that a decimetre of iron lengthens bv about twelve 
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"♦ftindredlhs of a millimetre when it is heated from zero 
(32" F.) to 100° C. {212° F-); this excessively small expan- 
sion may be rendered measuraWe in the following manner : 
An iron bar one metre long is placed in a large rcservoirj 
one of its extremities rests against a fixed obstacle, whilst 
the other is brought to bear on tlie sliort arm of a vertical 
lever (fig 54). 'I'he long arm of the lever is a thousand 
times longer than the short one, and its motion is measured 
by a horizontal divided rule. The bar of iron is surrounded 
by ice, and the point marked by the indicator on the rule 
is observed. The ice is now taken out, and water put in, 
which is made to boil by healing the bottom of the reservoir. 
The water boils, and the bar of iron is therefore heated to 
joo" C.,* and consequently the point of the lever advances 
twelve decimetres along the horizontal rule Evidently, the 
expansion of a bar of iron is a thousand times less ; that is 
to say, the increase in length amounts to twelve-tenths of a 
milUmetre. It may be easily discovered by means of this 
apparatus, [hat theexpansion is 100 times less for one degree; 

»the coefficient of the hnear expansion of iron amounts to 
wAJWr of its length at zero. 
If the bar of iron be replaced by one of another sub- 
iStance, a different number will be obtained ; eacli substance 
'fans its particular coefficient of expansion. 
It is easy to demonstrate the unequal expansibility of two 
aaetals by making a straight bar witli a blade of copper, and 
one of iron, for instance, riveted together (fig, 55), When 
this bar is heated it becomes curved, and the cojiper is on 
the convCK side. It therefore occupies a greater length 
than the iron. When allowed to cool, the bar wil! again 
become straight. If again it be exposed to very great cold 
it will curve in the reverse direction, and the copper, con- 
tracting more than the iron, will be found to occupy the 
concave side. It has been thought possible to construct 
pyrometers founded on this kind of effect 

The increase in volume of a soUd substance caused by 
heat may be deduced from ihe increase of lergili suffered 
^^l)y a bar of the substance. Thus, a bar of iron one deci- 
^^|L ' The boiling point of water i-i lOo' on llic Centigrsde ttiermoi 
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metre in length, lengtliens looVoun of ^ decimeti 

degree in the elevation of iis temperature ; a cubic de^ 

metre would therefore expand for each degree three t 

the amount. — that is to say, ■nn^'W of a cubic decimetre, or i 




thirty-six cubic millimetres, 
strated by reasoning, and 



This result may be demon- 
exactitude proved by experi- 



ment with the help of peculiar apparatus, which, howeva^ 
need not be described here. ' 
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4. Mxplanatmn of V, 

One very curious effect of the expansion of solids may- 
be observed by almost any one. It was distxsvered in 1805, 
in a foundry in Saxony, by M. Schwartz. A very hoi 
ingot of silver had been placed on a cold anvil, and it 
began to tremble, producing at the same time a musical 
sound. This phenomenon was again observed in 1829 by 
Mr Trevelyan, in England, when he happened one day to 
rest a very hot soldering iron on a mass of cold lead. 
Professor Tyndall has repeated the experiment in the fol- 
lowing manner;— 

Two thin plates of lead are fixed in a vice parallel to each 
Other; but kept separate by apiece of wood one centimetre in 
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mte (fi^. 56). A fire-shovel is tiien heated and balanced on 
ihc edge of one of tlie plates of lead. Ii will thea osdllate 
trom one bar to the other, and a sound will be heard which 
may be made very pure if the handle of the shovel be lightly 
supported with the finger. 

We will now explain this phenomenon. 

The lead is wanned at the point of contact with the 
shovel; it expands at this point, and a little elevation is 




uUti' 



caused suddenly, which makes the shovel sa-saw 
against the second plate, where the same efi"ect is producedj 
the shovel therefore returns to the first, and oscillates : 
long as it remains hot enough to cause a sufficient elevatit 
in the piece of lead it touches. This oscillation is a vlbi 
tory motion, which is propagated in the air until it 
the ear, where, if sufficiently rapid, it will prodi 
sensation of sound. The pitch of the sound is higher as 
tile oscillations are quicker. 

Mr Gore has made another experiment, which may be 
explained in the same manner. Two copper rails are 
placed at a distance of two centimetres from each other on 
a wooden stand, so that a hollow copper ball may roll easily 
them (fig. 57). A copper wire is attached to 
iti'emily of each rail, the two wires being connected ' 
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ihe poles nf a Voltaic pile. The electric current passes 
through the rails and the ball of copper, and heats the 
tail very strongly at lis point of contact with the ball, be- 
. this point the resistance to the p.issage of the 
s very great A little elevation is therefore caii| 




I 



id the ball is raised ; it is therefore no longer in equi- 
librium, and at first vibrates a little, but a new elevation 
being formed at each fresh point of contact, it begins to 
roll. 

It may very naturally be asked, if all solid sybstancea 
expand by heat. We have seen water contract when 
heated from zero to 4" C. (39° F.), and it is natural to sup- 
pose that there may also be solid substances which behave 
in a similar manner. In fact, wood and certain argil- 
laceous earths contract by heat : but that is caused by the 
water interposed between their particles, which evaporates 
when heated, and allows the partiules lo come nearer to- 
gether ; solids of this kind often have pore.'! sufficienlty 
large to contain much water. Their, contraction by heat 
does not, therefore, resemble that of water at zero. Lately, 
it has been discovered in England that vulcanized caoutchouc 
really contracts by the action of heat on its molecules, 
when it is stretched out strongly and it possesses all its 
elasticity. This property evidentiv depends oii the posi- 
tion of the molecules, which may be such that ilea 
fearer together, disaTi:a.ng,\i\£ i^icxa aawJu 
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the interior forces which unite tlieiii. The molecules of 
ordinary unslretchecl caoutchouc are arranged differently 
from those of stretched caoutchouc; it is noi, therefore, 
astonishing that, "both being heated, the first should expand 
while the other contracts; this results from the different 
arrangement of their molecules, 

Yet another property of bodies relative to the change in 
their temperature remains to be noticed. We have already 
alluded to it in our study of conduct ibility, but it is one 
which demands more particular attention. 

5. On specific Heat. 

Take a blcM:k of ice, and make two cavities in it. Put in 
one So grammes of waier at 100° C, and in the other 
80 grammes of copper, also at 100° C. You will find, after 
some time, that the ice meited by the hot water weighs 
loo grammes, whilst only a tenth of this quantity is melted 
by tile copper. 

Thus copper, in falling from the .same temperature as an 
equal weight of water, disengages one-tenth of the amount 
of heat. Reciprocally, we may say that, in being heated 
the same number of degrees as an equal weight of water, it 
will consume one-tenth only of the amount of heat. 

If another similar experiment be made, putting in the 
cavity So grammes of water at 50° C. (instead of at 100°), 
only go grammes of ice will be found melted (instead of 
100 grammes), so that the quantity of heit disengaged by a 
certam weight of water falling from 100° C. to zero, is double 
tliat disengaged by the same weight of water falling from 
50° C. to zero. This quantity of heat is proportional to 
the falling temperature, and it is the same when the opera- 
tion is reversed, and the heat is under consideration which 
corresponds to an elevation of temperature. It results 
from this reasoning, tliat if we give the name thermal unit 
to the quantity of heat necessary to raise from. zero one 
kilogramme of water one degree, two thennal units will be 
necessiiry to raise it two degrees, 100 thermal units to raise 
Jt from zero to 100° C. Now, if instead of one kilogrammi 
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CHAPTER VIL 

ON FUSION AND SOLIDIFICATION. 

t. Law concerning thi temperature at whick ntbslames fitst--r 
Heal consumed during fusion and produced by solidificettitm. 

We have shown in our second chapter that if a thermometer 
be plunged into ice whicli is being melted by the application 
of heal, it will not mark any change of temperature so long 
ts any ice remains ; and, keeping before us the proper 
•lefinition. of the word, we say further, that the temperatare 
af melting ice is constant. This property, in fact, belongs 
to all other substances which melt by the action ofheat. 
To illustrate this, heat some sulphur in a glass flask (fig. 58) 
and immerse the bulb of a mercurial thermometer in it. 
We shall see the level of the mercury rise gradually until it 
indicates no" C. on the scale, when fusion commences. 
After this, the mercury wiU not rise until the whole of the 
sulphur is completely fused into a liquid mass. The fusing 
point of sulphur is said to be 110° C, 

Aaain, take liquid sulphur at 1 20° C, of temperature, and 
allow it to cooL At first the level of the mercury in the 
thermometer will fall, but having reached no" C. it will 
stop, and at the same moment solid needles of sulphur will 
appear on the surface of the molten mass and on the sides 
of the vessel which contains it. In fine, the sulphur has 
resumed the solid state throughout, and its temperature has 
remained constant during the solidification. This tern- 
pcnture is the same as that of fusion. The level of ttHB 
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thennometer will not recommence descending until the I 
solidification is complete. 

A great number of substances present the same phB*M 
nomenoii ; only each has its special point of fusion orsolidi->B 
ficaiion. Thus bees'-wax melts at 
62" C, tin at 235° C, lead at 332= 
C, gold at 1,200° C. 

There are infusible substances. 
Some, like carbun, resist the highest 
temperature one can command, and 
are hence called refractory; others, 
like while lead, marble, and wood, 
are decomposed by the action of 
heat, because their atoms are feebly 
united. The number of the first- 
named class diminishes as the pro- 
gress of science gives us the com- 
mand of higher temperatures ; as 
to the second, we are enabled to 
fuse some of ihem by submitting . 
them to a strong pressure so as 
prevent the separation of their atoms. 
Marlile has thus been melted by 
inclosing it in a gun-barrel her- Fic, ss.-Fudon rfSuiphur. 
m eti call y closed by a screw sto pper. 

When tile marble is heated under these conditions, it at first 
undergoes a partial decomposition, carbonic acid gas and 
lime being produced. The gas being imprisoned in the gun- 
barrel exerts pressure on tlie unaltered marble, and main- 
tains its elements in union— this may now fuse. After a 
sufficient lapse of time the apparatus is allowed to cool, and, 
on opening it, appearances of fusion will be found in the 
solid residue. 

In order to solidify a liquid by cold, only one difficulty 
has to be surmounted; the cold must be sufficiently ener- 
getic. As the means of producing intense cold become 
better understood, we shall be able to solidify many sub- 
itances which at present baffle our skill. Mercury solidifies 
ftt 40°, and protoxide of nitrogen at loo" below zero of the 
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Centigrade thermometer. We shall see in Chapter IX. thai 
these are the substances used for the production of excessive 
arlificinl cold. Among the liquids which we are still unable 
to sohdify, may be mentioned the sulphide of carbon, a sub- 
stance which is much used in the manufaclure of caoutchouc] 
The complete fusion of solid substances does not always* 
occur suddenly, as in the case of ice and sulphur, which 
become as fluid as possible at the instant of melting. Glass, 
for example, assumes a pasty consistence when its tempera- 
ture is sufficiently high, and it is whilst in this state that it 
can be fashioned by the glass-workers, drawn into thread, 
blown, bent ; in a word, worked into a infinity of shapes. 
Also, alcohol, when subject to excessive cold, becomes 
viscid. The pasty condiiion does not always appear at or 
about the temperature of fusion ; it results from a par- 
ticukr arrangement of the molecules, and in some instances 
takes place at other temperatures. This is the case with 
sulphur, which becomes pasty at about 200° C. 

It will be worth our while to give a few moments' atten- 
tion to the leading phenomenon described above ; namely, 
the constancy of the temperature of fusion and solidiBca- 
tion, with a view to discover the part played by heat iB^ 
these operations. When a body melts, its molecules are 
evidently separated one from another by the action of heat 
derived from some neighbouring body. As these molecules 



; the resistance of those forces ; hence, so much' 
interior work produced and heat spent. From the fact that 
the temperature remains constant, we should conclude that 
the heat which reaches a substance undergoing fusion does 
not enter it in the state of sensible heat, but is transformed 
as it enters into a mechanical work. This work is interior 
only if there is no outside pressure acting on the surface 
of the body so as to hinder the change in volume which 
always accompanies fusion. If, on tlie contrary, such a 
pressure exists, — that of the atmosphere, for instance, — the 
exterior work must be taken into consider.ation ; but usually 
this is so slight compared with the interior work, that tiie 
latter may be said to exhaust all the heat supplied. The 
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heat thus expended is usually called latmt lieat; but as such 
an expression, used in former days by the behevers in 
caloric, miglit suggest that this heat really exists, hidden 
somewhere in the boily, we prefer to call it by a name which 
simply expresses the olJserved fact, — namely, htat of fusion. 

In the inverse operation, that of solidification, the con- 
stancy of the tr^mperature is now very easily explained. 
The fluid molecules being subjected to cold, cease to be 
separated from each other by heat so soon as their temper- 
ature falls to (he point of fusion ; the interior forces, no 
longer overcome, are again victorious, and reconstitute the 
solid body. In resuming this condition, mechanical work 
is expended, and an equivalent of heat is created. It is 
this heat which, being gradually disengaged, prevents the 
sensible heat of the body from diminishing, and, in conse- 
quence, the temi)erature from falling. After solidification a 
quantity of heat should be disengaged equal to the heat 
spent during the fusion the exterior work being neglected 
in our estimate. The following experiments will prove the 
exactitude of this reasoning. 

We already kno«' the heat of fusion of ice : to melt a 
kilogratnuie of ice at zero would require a kilogramme ot 
water at 79° C. This water is cooled as the ice melts, and 
it falls to zero, after which it ceases to act. At each degree 
of its fall in temperature it disengages one thermal unit; 
ihe total heat consumed by the fusion of one kilogramme 
of ice at zero would therefore amount to 79 thermal units. 
The same result would be obtained by replacing the kilo- 
gramme of water at 79° C. by 79 kilogrammes at i" C. of 
temperature. 

A similar experiment may be made with wax, which melts 
at 62° C- Take a large quantity of bees'-wax maintained 
at this temperature, without being allowed to fuse, and 
throw over it 44 kilogrammes of water at 63° C. ; the tem- 
perature of this water will fall to 62°, disengaging 4^ 
thermal units, and one kilogramme of wax will be found 
melted. Thus the heat of fusion of wax is 44 thermal 
nnits, rather more tlian half that of ice. 

It is equ.illy easj' to prove that solidilicatioi 
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Ma"^ .V the disengagement of heat. Lead melts at 332* CJ 
th "'^^" eNartly at this temperature one kilogramme oi 
^e metal in the solid state ; to do this it is simply neces 
met^ 1° reiluce the supply of heat at the instant that th* 
th ^^ attained a temperature of 332° C. to no moW 

^^n may be sufficient to prevent the lead from coolingJ 
iirow this lead into one kilogramme of water at zero, 
^ temperature of the water will rise ten degrees. Tiiere- 
0'"e the kilogramme of lead in cooling has disengaged ten 
thermal units. Make another experiment with one kilo* 
gramme of lead completely tndffd snd at the same tempcnt 
lure of 332° C, and throw it into one kilogramme of wat« 
at zero ; the temperature of the latter will rise fifteen degrees^ 
This increase of five liegrees indicates a disengagement oi 
five thenna! units, which did not ocair before. It occun 
because ihe kilogramme of melted lead first solidifies by 
contact with the cold waler before cooling, and disengage^ 
a quantity of heat equal to that it had absorbed from th« 
fire whilst melting. The conclusion from this double experiJ 
ment is, that the heat of fusion or solidification of lead ia 
five thermal units, sixteen times less tiian that of ice. 

Every fusible substance has its peculiar heat of fusion, 
and, what is remarkable, ice requires the greatest quantity 
of heat to melt it, as it also has the greatest capacity fo^ 
heat. In accordance with these facts, it comes to pasl 
thai the frozen soil in winter receives a store of heat, which 
tempers the cooling action of the atmosphere and the celes- 
tial space, and which prevents the temperature from fallii^ 
rapidly below the freezing-point, because each kilogramme, 
of water which freezes disengages seventy-nine thermal units. 
When a thaw occurs, the water again takes up this amount dl 
heat, and in so doing tempers the warming action of th< 
atmosphere and the sun ; it prevents the temperature froni 
rising rapidly above the freezing-point — another cause, ii 
addition to those we have before alluded to, of the mildnes 
of the climate in regions which abound in water. Coli 
and warmth tlius succeed each other less suddenly ; then 
are not, as in countries deprived of water, like Central Asis 
and Australia, excessive cold in winter and excessive heal 
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in summer. Water, tlierefore, may be called the natural 
regulator of temperature on the surface of the earth. 

The slow melting of ice is a consequence of the fact that 
this substance requires a great amount of heat to melt it. 
Thus a layer of ice on the surface of a body is often very 
efficacious as a protection agamst heat ; the temperature of 
tiie body cannot rise above the freezing-point until the 
whole of the ice is melted. Tnversely, a layer of water acts 
as .a preservative against cold in consequence of the siow- 
nt'ss of its congelation. Envelope a body in wet rags, and 
keep the tatter soaked with water, you will prevent the body 
from cooling below the- freezing-point, even if exposed to 
a very sharp coid ; the water will lorm little icicles slowly on 
the linen, whilst continually disengaging heat. This method 
is available for the preservation of organic substances from 
frost during winter. 

Some curious examples are on record, illustrating the 
slowness with which ice melts. In the winter of 1740 a 
palace was constructed in St Petersburg of ice taken from 
the Neva in targe blocks. As gay parlies were assembled in 
this palace, evidently a large quantity of heat must have 
been accumulated within, which slowly melted the superficies 
of the walls ; but the fusion was very slow, and the walls 
being sufficiently thick, lasted for :i long time. Cannon, 
with barrels four inches thick, were also made of ice, from 
which iron bullets were fired, yet the cannon were not 
melted nor broken by the explosion of the powder. In 
Siberia sheets of ice are used for windows ; their interior *J 
surface does not melt, because the outside is so excessively J 
cold as to keep the temperature of the whole below freezing- 
point. 

What we mean by hiat of fusion is sufficiently exemplified 
by the facts just stated. We have now to seek experimental 
proof of the interior work effected in the operations o£ 
fusion and solidification. 

z, Interior Work. — Crystals. — Icc-FUnoers. 
Melt some sulphur in a large earthen crucible, and allow 1 
I it to cool without agitation. It ivill cool very slowly, a 
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the tem])erature will fall to 1 10° C, first on the surface and 
on the sides of the crucible, the centra! part still remainini 
liquid after the solidification has commenced. Little needlet 
of sulphur will be seen to form on the surface, crossing each 
other in all directions. At this moment, break through the 
centre of the crust thus being formed, and turn the crucible 
over; the liquid sulphur will run 
out, and the solidified part be found 
adhering to the siiles in the shape of 
delicate yellow transparent needle^ 
all pointing towards the centre of 
the crucible (fig. 59}. These are 
called crystals of sulphur, and by 
carefully studying their form it hai 
been discovered that each crystal 
is terminated by plane faces regu- 
larly disposed. 

A law therefore presides over the 
arrangement of the molecules; when 
Fic 50— civisiiiiaiion solidification takes place there are 
of Siiiphu.. motive forces which cause each 

molecule to take a determinate posi- 
tion. But the movement of a molecule under the influence 
of a force is a mechanical work expended; and the whole 
of these molecular movements constitute what we call in- 
terior work. We have, therefore, proved the existence of thii 
work by arresting it whilst under execution, and by showing 
the interior state of the body at that moment. If we had 
allowed the sulphur to cool entirely, this work would have 
been continued silently, hidden by the superficial crust, and 
the admirable structure presented by the interior would have 
escaped our notice. The molecular forces are consummate 
architects, always working in obedience to laws dictated by 
the Creator. 

not always easy to crystallize bodies by fusion, and 

It of success must be attributed to the imperfecttOB 

of our processes. Most often the crystals are very smalls 

and so grown into each other that the cleavage presents™ 

indication of crystal I izai ion ; this happens when the tiqi 
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agitated whilst cooling. When the crj'Stals are sufficiently 
large the cleavage oijens to view their brilliant facets, and 
people have no hesitation in calling that body crystallitie. ' 

Here again it is water which offers us our best example, 
as if the Creator had designed this woiidi;rml substance to 
contain in ilself, and reveal to observers, the most hidden 
natural mysteries ! When the temperature of ihe au' is suf- 
ficiently low, the water it contains is condensed into small 
regular crystals, which sometimes form a fine while dust, so 
perfectly transparent at times as to he invisible ; it is known 
to exist, however, by the sensation it creates striking against 
the fare. This condition of ice has hecn noticed by MM. 
Barral and Bixio in a balloon ascent. Transported into 3. 
raoister atmosphere, these little crystals condense water on 
their surfjce, and become larger, still preserving iheir regu- 
larity ; little by little they grow into flakes of snow of the 
most various shapes. The celebrated astronomer Kepler 
was the first to study these forms with care ; navigators are 
especially enabled to study them completely in the polar 
regions, where the snow falls frequently and at different 
temperatures. Scoreshy has drawn 96 forms of snow, and 
now sev'erai hundreds are known, which are classified. All 
present the aspect of stars with sin rays, symmetrically 
modified with relation to the centre of the star (fig. 60). 

The freezing of water at the surface of the earth fol- 
lows the same law ; but the crystals are so joined one to 
another as lo form masses of ice, in which it is usually 
Impossible to discern them. 

The following is a beautiful experiment made by Mr 
Tyndall, whom we shall assist in a kind of dissection of 
compact ice, and who will make visible to us ihe inlerior 
work executed during fusion. We have seen how the solid 
edifice was constructed, we shall now see it as regularly 
destroyed ; its various parts being separated in the same 
order of succession as that in which they were assembled 
together, hut inversely. 

A transparent piece of ice is taken, having two natural 
parallel faces, which are those which were horizontal whilst 
the piece of ice was being formed on the surface of the 
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'ater ; they are called planes or c 
rays is directed horizontally c 
e bevTig placed so thnt 




be parallel with the rays, or, in other words, that the rays may 
enter by the cleavage. AfierAvards place a couvergcnt lens 
in the path of the rays in such a pliice thai the focus may 
be formed in the middle of the piece of ice, and notice 
what passes in the ice with a strong magnifyitig[;Uss (% 6ii 



THE »EW YORK 
PUBLIC UBBARY 



MTOM, CtMOX WW 
TtLtWN fOUKDATWM*. 



DISSECTION OF ICE. 

Where the rays enter, little stars with six branches, soni& 
what like flowers, appear rather closely grouped ; follow 
theni with the eye to a little distance within the surface at 
which the rays enter, they will be found more distinctly 
grouped, which distinctness becomes greater at a stili more 
interior point. These stars may be seen to form and 
gradually develop themselves. First a little brilliant point 
appears, which becomes the centre of a round spot ; after- 
wards the rays appear : these increase little by little, and 
their edges take the form of fern-leaves (fig. 62), The ex- 
planation of this phenomenon is as follows : — 

The solar rays carry heat to the middle of the ice ; but as 
it gradually penetrates, aU the calorific rays capable of being 
absorbed by the ice are removed, and at a certain depth 
they cease to have heating powers. This property of 
radiant heat we have already studied in our fourth chapter. 
The ice then is more heated near the point where the rays 
enter than at a certain distance from this point. 

Each brilliant point that appears is due to the commence- 
ment of fusion at that spot. As the fusion continues round 
this point the star appears. Each row of molecules is 
detached in its turn, and as they were arranged symmetri- 
cally in three principal directions, we find in the rays ot 
the liquid star the indication of this disposition of the 
molecules. 

It is in these three directions that the molecular forces give 
way soonest to the action of heat, as if they were those in 
which the struggit was concentrated. We are able to dis- 
tinguish the water produced by fusion, because it reflects 
light towards our eye, and we perceive in the centre of the 
star a point having a metallic appearance, because it is 
formed by an empty space, which reflects light abundantly. 

Why does this empty space occur ? VVe already know that 
ice is less dense than water ; each star consists of a small 
bulk of ice which has been melted, and the water produced 
occupies a smaller bulk. It is thus that we find in the 
details of this phenomenon much useful instruction. Nature 
is one grand harmony. In the words ol Mr Tyndall, 
"she lays her bearns in music, and it is the function of 
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Tliefcrmation of ice-flowerj 
maybemaile visible toaertal 
number of persons at oncf. 
Solar rays must, in this casc, 
be made to enter the piece 
■)f ice ijerpeiidiiularly to ihe 
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The change in volume 1 
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ten "'Sit o^ the molecules, whicti > 
liikes pl.ice when they ai^ 
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CHANGE TN VOLUME BY FUSION. IJl 

under the aciion of heut. mid the cliaractcr of this change 
depends on iheir form. There is no a priori reason ior 
supposing that a body should augment in volume by fusion. 
Experience decides this question, and reasoning may alter- 
wards lead us to soine conclusion respecting the form of 
the molecules. 

It will be sufficient to remark that ice floats on the water 
provided by its own fusion, to convince us that it diminishes 
in volume when melting ; because a body which floats on 
the surface of a liquid must have a density inferior to that 
of the liquid, and, in consequence, a certain weight of ihis 
liquid occupies a smaller volume than the same weight of 
the body. For example, it has been found that a kilogramme 
of water ai the o" C. (32° Fahrenheit) occupies about a thou- 
sand cubic centimetres, ancl that the same weight of ice at 
the same temperature measure-. 75 cubic centimetres more. 

The fusion of sulphur oflers an example of the contrary 
effect The solid fragments of sulphur not yet melted, sink 
to the bottom of the sulphur that has been already fused. 
It follows that they are denser than the liquid, and hence 
that sulphur expands when it melts. 

The behaviour of some other fusible bodies resemblts 
that of ice : for example, bismuth and type metal ; some, 
like sulphur, expand — and the number of the last is very 
great Inversely, the Hquids of the first class expand on 
.solidifying, and those of the second contract. Metals of 
the first class are best adapted for castings, because at the 
moment of solidificaton the expanding liquid exactly fills 
all the cavities of the mould, and in consequence faithfully 
reproduces its details. 

It is the character, in the change of volume to greater or 
less which determines that of the exterior work when the 
body is subjected to a surface pressure. We have neglected 
to take account of this work in the case of substances fusing 
in the atmosphere. But bodies may be submitted, with the 
help of convenient apparatus, to very great pressure ; the 
overcoming of these pressures influences, to a notable ex- 
tent, the hr'flt of fusion. 
^1 III the case of ice, there is, at tlie time of contraction, an 
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exiienditure of otterior work, antl a creation of heat. Tliis 
heat is employed to fuse a part of the body; consequently, 
the heat coming from without serves to melt the rest, and 
less is required than if tjie ice were free from pressure. 
Compressed ice may be said to melt more easily than ice 
under ordinary conditions, and it may be supposed tliat the 
temperature of fusion is no longer the same as that at which 
it froze. In fact, M. Mousson has seen it melt at i8° below 
zero Centigrade (about o" Fahrenheit) under a pressure of 
several thousand atmospheres. 

In the case of wax, on the contrary, which ordinarily 
melts at 63° C, and expands by fusion, the exterior work is 
produced by the expansive force of the molecules of the 
body, which overcome the exterior pressure ; this work 
consumes heat. In consequence, the heat coming from 
without serves partly for the execution of this work, whilst 
the remainder is consumed in that of the interior work. 
Compressed wax may be said to melt less freely than 
ordinary wax, and it might be supposeil after our expe- 
rience in the case of ice, that the tenii^erature at which wax 
metts when under pressure is above 63° C. This has been 
found to be the case by Bunsen. 

That which happens in the case of the solidification of 
hquids relative to the exterior work, should now be found 
easy of comprehension. It is only necessary to imagine the 
reverse of the above effects. 

Such is the relation found to exist between the two kinds 
of mechanical work effected during the passage from the 
solid state to the liquid state, and w« versd. A number of 
phenomena will now be explained which otherwise would 
appear exceptional. The discovery of this relation is an 
imrnense step in the study of the intimate constitution t4 
bodies. 

We meet with a fresh proof of the energy of the interior 
forces in the espansive power possessed by the solid or 
liquid bodies, at the moment in wiiich they pass from the 
one slate to the other. Try to meU sulphur in a vessel 
hermetically closed, and made of some resisting material, 
we shall find that the vessel will be broken, supposing it t* 
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have been filled. The molecules of sulphur find themselves 
opposed to two contrary forces : the heat arriving from 
without, which tends to separate them from one anotlier, 
and the resistance of the vessel which opposes itself to this 
separation, — and the last is conquered. 

Some very curious experiments of this nature have been 
made with water, which expands on sohdifying. Fill a cast- 
iron tube with water, dosing it strongly with a screw stopper, 
and expose it to considerable cold. As the water loses its 
heat, its molecules change their position, and tend lo con- 
stitute ice ; bu! for tins thev require grenter >|)ace than that 
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hole length, witl»J 



ifforded by the tube : they therefore pre 
so forcibly as to spUt it, through its 
somewhat of an explosion. 

An ofticer of artillery made the following experiment at"* 
Quebec. Having filled a bombshell, about fourteen inchei 
in diameter, with water, he closed it by driving an iron pt^ 
firmly in, and left it exposed to frost. Tiie stopper w 
soon driven out to a distance of more than a hundred yarcs, 
md a cylinder of ice, eight or nine inches long, issued iit 
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tinuous a.nd transparent block of ice is thus obtained,- 

having the form of the cavity of the mould. By using sut 
able moulds, lenses, spheres, cups, or statuettes of ice saij I 
thus be made. 1 

It is natural to seek the explanation of this last expcti- J 
ment on the effects of compression. We have learnt ti""" 
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mould, they can scarcely be supposed to influence tlie first 
experiment where pressure was exerted by the hands, simply 
to insure contact; this slight pressure would surely be in- 
sufficient to lower the temperature of fusion to any con- 
siderable extent. 

The following explanation of one of the principal causes 
of regel.ilion by simple contact is given by Tyndall. He 
took apiece of ice containing natural cells in which a liquid 
]"iart could be distinguished, and also a gaseous part, which 
always rose to the upper part of the cell (fig, 68 a). By 
plunging the piece of ice in warm water and attentively 
■watching its fusion, Tyndall saw the cells diminish con- 
siderably in size at the moment in which their envelope of 
ice melteil, when each let a little bubble of air escape, 
which, excessively reduced in size, rose to the surface of 
the warm water. It must be concluded from this that the 
liquid in the cell arises from the fusion of the ice originally 
surrounding the bubblo of air: by its conimciion it has 
enlarged ihe capacity of the cell in which the bulible of air 
remains in a rarefied state. But now how can fusion be 
determined around a bubble of air without the surrounding 
pnrts ceasing to be solid ? 

To answer this question, Tyndall exposed a piece of ice 
similar to the preceding to considerable cold. The liquid 
])arl of the cells congealed, and the bubbles of air dimin- 
ished ill bulk, thus confirming the preceding theory. He 
next placed a piece of ice in a warm but dark room. After 
some lionrs the bleb of water made its appearance in the 
cells. Heat can therefore pass by conduction from without 
to the interior of a piece of ice, and thus melt the sides of 
the cells. 

Lastly, by exposing to the rays of heat from a fire a piece 
of ice containing air-bubbles, Tyndall observed fusion to 
take place very rapidly around each bubble of air, and the 
side of the cells to take indented forms, sometimes very 
pretty, in the superficial parts first reached by the radiant 
heat (fig. 68 b). He could not obtain the same efl'ect with 
^e obscure rays of heat, "^j^^ fusion may also be deter- 
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We conclude from these experiments that heal 
penetrate a block of ice, either by conduction or TadiatioA 
and determine fusion by coming in contact with the bubbles 
of air imprisoned within the mass, whilst leaving the sur- 
rounding ice in the solid state. This may be explained as 
follows : the molecules situated in tlie midst of other mole- 
cules of ice, are less free in their movements than those 




which are in contact with the air. When heal reaches the 
exterior surface of a block of ice, a part acts on [his sur- 
face, and another part continues to travel till it reaches 
(he bubbles of air ; there only does it produce an effect 
exactly as a blow dehvered at one end of a row of billiaid 
balls causes the last ball at the other end to jump forward, 
whilst the intermediate balls remain at rest ; each of them 
receives the impulse, and transmits it to the next without 
itself moving ; the last only is put in motion, because it does 
not encounter an obstacle. The fact observed by Tyndall 
may be expressed in a general manner in the following 
words. The fusion of a solid body is easier in the super- 
ficial parts, and in those which present a solution of con^ 
nuity, than in those which are altogether continuous, as if 
the temperature of fusion was less high on the surface erf a 
solid than in its inrerior. 

To apply this remark to the phenomena of regelatioB. 
We place two pieces of ice in contact : the two surfecei 
being kept together exercise one over the other a coercive 
'•on which opposes itself to the continuance of fusiMX 
'J'he surface molecules lose thp't Xfeft'cvj Vi"j teaming to be 
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superficial, and becoming interior ; their mutual attraction 
re-establishes the solid condition, and they become cemented 
together, so long as sufficient heat does not reach them 
to raise their temperature above the freezing-pnint. The 
two pieces are thus united into a single block, and fusion 
will not take place at any point of the homogeneous ice, 
until the neighbouring parts are melted in regular order 
from tile superficies. 

The child who makes a snow-ball repeats the experiment 
" regelation. The flakes of snow become converted into 
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which unite one to another; the hand 
n, and changes their position ; they regelate 
in this manner the light and delicate snow, 
verted into a hard and compact body. 
Her who visits the glaciers of the Alps, en* 
;ep crevasse : he collects snow at the edge of 
; makes a bridge of it, then he mounts this 
mprovised structure, and slowly advances over the abyss. 
The frozen snow bends under his weight ; its p.irts sepa- 
rate and again regelate ; the compressed mas.s becomes 
firm, and the passage may be effected in comparative safety. 
Let us here pause for a moment, to regard die magnificent 
spectacle presented by the eternal snows ; it is not merely 
a spectacle, but a phenomenon which presents us with a 
wonderful example of the properties of ice. On the tops of 
high mountains the aqueous vapour in the atmosphere con- 
denses in thefomiof snow, which eternally covers their crests. 
Sometimes the masses of snow dtscend the deciiviries as 
avalanches, with a noise as of thunder, and fill the valleys; 
sometimes they slip along slowly, and accumulate at the 
base of the declivities in compressed masses. The air 
imprisoned in the flakes of snow is litde by little expelled, 
and the mass becomes still more solid ; it presses heavily 
on [he rocks at the bottom of the higher valleys, and 
descends gradually towards the lower. Here, in conse- 
quence of the increased warmth, it again attains the tem- 
perature of zero, and commences to melt. Then regelation 
takes place on an immense scale, because the bottom oC ttc 
valley ajid the sides of the mouniain ^lesefiX m\ Q\a^•wS^e.^a 
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the gliding of the ice. Continually impelled by weiglit, hi 
mass may break in overcoming the obstacles to its progress, 
and immense ami deep transverse crevasses result from the 
rupture. Soon, however, the downward pressure of ihe 
consolidated snow and ice causes the sides of the crevasse 
to meet, and regelation takes place. In the meantime other 
crevasses are prod .iced by the same causes, and, the down- 
ward pressure coiitinuiog, are again compactly closed by the 
law of regelation. Thus the glacier moves slowly down the 
valley at a rate of progress varying from fifteen inches 
daily in the winter, to thirty inches in the summer, 
dragging here and there the debris of rocks which have 
yielicd to its efforts. Having thus descended low enough 
to a warmer region, i; melts at its surface and in its depths, 
and becomes the source of a river. A movement, as eternal 
as the snow, continually brings down fresh maises of ice, 
■which gradually melt, whilst higher up the loss by fusion fa 
compensated by frequent snow-falls. From this description 
of the facts, it is ob\ious that th& glacier properly so-calted, 
is below the line of perpetual snow ; whilst above that line 
is the mass which feeds it. called the tier}. 

For a lon^ time it was supposed that glacier ice was of 
a. viscous nature, or pla.stic, like clay mixed with water : this 
was the best explanation that could be offered of the 
phenomena it exhibited in its gradual descent, moulding 
itself to some extent lo the shaoe of the valley which fi 
filled. But the experiments of which we have just spokeii, 
give the (rue explanation. The ice breaks into fragments 
as it descends, ami these fragments regelate at the points 
where they again come iti contact. 
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Certain solids and liquids are volatile, vapours rise from 
tlieir surface which spread into the surrounding space, and 
which have the general properties of all gases, expansibility 
and compressibility. By virtue of the tirst their particles 
always tend to separate one from another, and by virtue of 
the second they are very easily compressed, and made to 
occupy a less space. The ]>henomena which constitute 
evaporation can sometimes only be recognised by means of 
expermient. We can only observe it in ordinary circum- 
stances, when the vapour lias some characteristic action on 
our senses. To return to an example already indicated in 
Chapter I, ; a piece of camphor is inclosed in a well corked 
flask, or bottle ; its volaiility is hardly to be recognised by 
the first glance at iL But uncork the flask, the chavacLeristic 
odour of this substance is immediately manifested, and you 
conclude from this that some of its particles have been 
detached, and have produced the sensation of smell by 
coming in contact with your nose. Giving a little more 
attention, the flask, if it be not too small a one, and tf the 
piece of camphor be allowed to remain a abort time, a slight 
deposit of little brilliant particles may be observed on some 
parts of its sides. On presenting these parts to the fire, the 
deposit will disappear, and will be re-formed on the cool 
side of the flask ; that is to say, on the side furthest reuioved 
fcQTa the fire. If the heat still continues Co act, and readies 
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the piece of camphor at the bottom of the flask, the deposit 
will augment on the cool side ; the particles wil! grow into 
little crystals of a geometrical fonn, and at the same time 
ihe piece of camphor at the bottom will have diminished 
in volume. Wiih a sufficiently correct balance, it will be 
easy to prove that this piece has lost some of its weight, 
and that the loss is equivalent to the weiyht of crystals 
deposited on the sides of th6 vessel. You will thus have 
made a true physical experiment. Having become awaie 
of one of the properties of camphor by simple observatiotv, 
you have studied this property by modifying the circum- 
stances in which the phenomenon has occurred, and yoa 
have thus discovered one of its laws. It remains for you 
to complete your study by a theory which will account for 
the fact The particles of camphor may be said to be 
transported, by the influence of heat, from the surface of 
the solid piece, to the side of the flask. They were first 
detached from this surface, separated from one another, 
thrown out in some manner in every direction ; tliey then 
collected together at a part where there was not .-iufficicnt 
heat to prevent their union, and reproduced solid camphor. 
We cannot see the particles during their transport, on 
account of their extreme minuteness, and their diSusion, 
but we have proved the final result of the transport, and 
we conclude that heat volatilizes camphor, causing it to 
assume the condition of gas or vapour, invisible like the 
airj while cold reduces the vapour of camphor to the solid 
state. We observe two inverse transformations, analogous 
to the fiision and solidification of liquids. 

By repeating the same kind of experiments on a number 
of solids, the same conclusion would be arrived at. Iodine 
substantiates the preceding theory, by the production of 
a beautiful violet-coloured vapour. This brownish sub- 
stance, when slightly heated in a flask, fills it with nolet 
vapour, which slowly condenses in ihe form of little brown 
crystals on the cooler portions of the surface. Remove 
the heat altogether, and in a short time the vapours will 
disappear, leaving the unvolatihzed portion of the iodine 
af the bottom, and the crystalline deposit on the sides. 
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■' But the iDOst numerous examples of vaporisatioti are to 
DC met with in hquids. We have already mentioned several 
instances in our first chapter, and we sliall now pay studious 
attention to this phenomenon. 

Heat a small vessel filled with water ; we shall soon 
observe a slight cloudy vapour above its surface. This 
cloud is not really vapour ; it is composed of a great num- 
ber of little drops of water, which may be collected, for 
instance, on a pane of glass, where they form a liquid layer. 
The phenomenon is analogous to that we observed in the 
case of camphor and iodine. Under the influence of heat 
the surface-particles of water are separated from one another; 
they rise from every part in thr; foim of invisible gas, and 
disseminate into the air. But coming in contact at a cer- 
tain height with colder air, they condense again, because 
heal does not then oppose their union, and they form the 
light cloud which we see, and which really consists of minute 
water-drops. We may conclude from these observations 
that heat causes water to evaporate, and, inversely, that 
cold condenses the vapour thus formed. 

Is it necessary in order to produce vapour, or separate 
the superficial molecules of a body, to apply heat ) Do (he 
molecules yield only to heat, to the natural antagonist of the 
force which binds them together 1 The answer to these ques^ 
tions will be found in our further study of the pheno 

The little cloud above our hot water seems to be pec- I 
manent. If the atmosphere be still, it is but slightly agitated, 
it breaks up, disappears at one point and reappears at 
another; it resembles a light, mobile body floating in the 
air. On looking at it a little more closely, we find that the 
cloud is not always the same, but that it rises and dis- 
appears, and thus gives place to a new cloud, which ' 
to rise in a form different from the first. It is the continuedTl 
renewal of the drops of water at nearly the same spot tlial J 
gives the appearance of a persistent cloud ; looking at itT 
from a distance, we were deceived by an optical illusionjl 
and we now see what really happens of which the following 
is the explanation : 
B When a tiny drop of water has been formed by the coolin 
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We meet with a very simple domestic application of this 
property of vapour in Papin's digester. This apparatus is 
composed of an iron or copper vessel {fig. 70), ha\'ing very 
tiiick sides, which can be closed hermetically with a cover 
of the same metal by making use of a pressure screw. This 
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cover has a hole, which is dosed by resting a lever on it, 
on which is hung a weight Water is put in this vessel, 
and it is tlien placed over the fire Vapour forms on the 
surface of the water and mixes with the air inclosed in the 
interior ; by removing the lever for some moments the mix- 
ture of air and vapour is allowed to escape, and soon nothing 
remains in the vessel but a mixture of vapour and liquid. 
The lever is replaced, and thus the conditions are obtained 
a space empty of air which contains aqueous vapour with 




ELASTIC FOKCE OK A(JUEl>US VAPOUR. IB7 ^^H 

inay be known to have taken place when we see the vapour ^^H 
in contact with an excess of its Uquid. ^^H 

The maximum elastic force of the vapour of any liquid' ^^^| 
is so much the greater as the temperature is higher. The ^^^| 
quantity of vapour cajiable of saturating a given space ^^^H 
follows the same law. We have supposed above the ether ^^H 
to be at 60° F. ; at 68° F. the difference between the levels. ^^| 
of the mercury would have been about thirteen inches ; at ^^M 
104° F. the level of the mercury would have become six ^^M 
inches higher in the open branch of the tube than in the ^^M 
other, as the pressure of the vapour is there superior to that ^^H 
of the atmosphere. At 140° F. we should mark about thirty- ^^M 
eight inches instead of six, and so on. ^^H 

When the elastic forces are very great we reckon riiem by ^^^| 
the number of atmosplieric pressures they are equal to ; ^^H 
wliat is called the pressure of one atmosphere being 'capable ^^^| 
of sustaining a colomn of mercury thirty inches in height ^^^| 
The following is a table of the elastic forces of the vapour ^^H 
of water as deduced by Regnault from his numerous experi- ^^M 
ments :— ^^H 

TABLE OF THE ELASTIC FORCE Or SATURATED AQUEOUS ^^M 
VAPOUR AT VARIOUS TEMPERATURES. ^^H 
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•TOCtcrminate stale of saturation ; it is therefore impossible'*! ._ 
aqueous vapour to have, at one and the satne time, a terf 
peratiire below 250° F. and an elastic force of more than 
two atmos[3heres. An analogous remark might be madefor 
each degree of saturation. 

To resume; there are many liquids, and some solids, 
which cannot exist freely in a vacuum without the molecules 
on their surface separating from each other and passing inlo 
the state of gas. The number of molecules which undei;gD 
thib transformation depends on the nature of the substance 
and on its temperature ; it is greater as the temperature rises. 
When the quantity of gas has become sufficient, it exerts a 
certain jTcssure on the surface of the substance, and evapor- 
tion ce-ises. This propeity depends on the state of the 
molecules and on their mutual actions ; in the interior of a 
body,each molecule is under the influence, on every side,o( 
other molecules ; it is therefore less free than it would be in 
a free state, to yield to other forces opposed to this acdon, 
apd it is not astonishing that it behaves differently when 
under the influence of heat. Heat reigns over the condi- 
tion of each molecule, and consequently also the lenipera- 
turc of the body ; it acts as an expansive force, opposed to 
the tnolecuiar attractions, and it is supposed to be in equi- 
librium in the interior, whilst it predominates on the surface. 
In tile parts imder its domination its effect is entirely to 
destroy cohesion and to produce that which we have already 
often (ailed an interior work. In the preceding chapter an 
analogous difference has heen shown to exist between the 
interior and the surface of a solid body relatively to fusion. 
As to the cessation of evaporation, it is due to the pressure 
exerted by the vapour formed, which is a contrary force to 
the expansive force of heat, and hinders this last from 
further overcoming the force of cohesion. 

To confirm our theory it will only be necessary to prove 
that evaporation is accompanied by the disappearance of 
sensible heat, of which we shall indeed find numerous ex- 
amples in the following chapter. But we must first coo- 1 
tinue our study of the circumstances under which evapQj^^^U 
^ tion takes place. ^^^^^H 



VAPORISATION IN GAS. I9I 

Again making use of the apparatus {fig. 69) already de- I 
scribed, we introduce an excess of ether into the reservoir, 1 
alloiving the air to remain. The cohinin of mercury in the 1 
tube ^vill be seen slowly to be displaced. Vapour is there- ' 
fore slowly formed, and mixes witli Che air. After some 
time ihe level of the mercury remains stationary, showing 
that the air is saturated with vapour. By the position of 
these levels it is concluded that the quantity of vapour pro- 
duced is the same as if the liquid had been introduced into 



We infer from this experiment, that a liquid evaporates in. \ 
a space containing air, or, to speak more generally, a gas 
which does not act chemically upon it, as if this space were 
empty. The only difference is in the rapidity of the pro- 
cess. The production of vapour is instantaneous in a 
vacuum, and takes place slowly in a gas. Tlie slownes.i ol 
evaporation in the latter case is naturally explained by tha _ 
mechanical obstacle which the gas presents to the separation J 
of the molecules of vapour. At first they remain accui 
lated on the surface of the liquid, and keep together the 
superficial molecules which tend to separate, gradually ex- 
tending as their elastic force overcomes the resistance of the 
gas. In the process of evaporation we have, therefore, 
under consideration an exterior mechanical work, that which 
effects the dis|ilacement of the gas ; anil the interior work, 
which effects the separation of the molecules on the surface 
of the liquid. But the air or gas acts only by the inertia 
of its mass, and the vapour alone averts the evaporation. 

We have now to consider the more ordinary phenomenon I 
of evaporation in the atmosphere : the air can only become ^ 
saturated in the immediate neighbourhood of a volatile 
body, because of the immense extent of the gaseous en- 
velope of the enrih. As the same atmospheric strata do 
net long remain in contact with the body, the latter yields 
fresh vapours to each rapidly succeeding arrival of fresh air, 
and soon ends by being entirely evaporated. Its molecu! s 
remain in the state of gas, mixed with the air, until cir- 
cumstances permit it again to condense. For example, in 
winter, a dry wind causes the disappearance of ice and snowi 
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witlioiit fusion taking place, because it continually removes 
the vapour of water p -oduced by evaporation, and thereby 
renders the latter VL-rv active. It is in consequence of this 
that wet iinen can be dried in very cold weather, and even 
though it be fiozen. Similarly in summer-time, a wind 
happening to come during the nighty causes the dew already 
deposited to disappear. We constamly see the effects of 
the evaporation ot water and other volatile substances. 
The more elevated .he temperature, the more ma.rked are 
these effects. In tlie equatorijl regions, the vapour of water 
rises above the seas heated by a burning sun ; coming in 
contact with cold air, it condenses into small lirops, which 
form clou. Is; these drops, rising higher, carried by the as- 
cending current disappear in the strata of dry air; and flie 
phenomenon which engaged our attention at the commence- 
ment of this chapter, is presented to our norice on an 
immense scale. Very often we are able to watch the slow 
disappearance of a cloud over our heads : the mist of the 
morning is dissipated in the middle of the day, either 
because it has risen and formed clouds, or because the solar 
rays liave evaporated it ; and in this case, the sky may 
remain clear. Side by side with this triumph of heat, we 
meet with the triumph of the molecular forces ; the return 
of clouds, their transformation into rain, snow, hail, pro- 
claims the reunion of the molecules of water. Leaving the 
earth, they have accomplisiied an immense aerial voyage, and 
have returned to undergo even more marvellous transfor- 
mations, as we shall shortly see. But let us follow our study' 
methodically, and see if we cannot prove that vaporisation* 
s heaL 



3. Evaporation is fucampanied by a disappearance of 
sensible heat. 

When a liquid evaporates near a source of heat, it is so 
easy to conceive that the heat transmitted to its surface 
does the work necessary to effect the change in state, thaf 
we need not trouble to make a conclusive experiment on 
this point. I[ will be more to the purpose if we devote 
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our attention to the cases of evaporation, in which there is 
no apparent source of heat. 

Pour a little ether on your hand ; it evaporates, and yoa 
feel considerably cold : with certain liquids, such as the 
sulphide of carbon, which is less volatUe than ether, the 
cold would be less, and it would be less again with water, 
which is siill less volatile. There is then some relation 
between the quantity of vapour formed, and the amount of 
sensible heat that disappears. This remark will have sug- 
gested to the careful reader that the interior work of vapo- 
risation consumes a quantity of sensible heat taken from the 
non-evaporated portion and the neighbouring bodies, and 
that this heat is proportional to the work. An idea of the 
amount of effect produced may he formed by enveloping 
the bulb of a thermometer in a piece of linen, and soaking 
the linen successively with the several liquids above-men- 
tioned. By moving the thermometer about so as to favour 
an active evaporation, the full temperature in each case may 
be measured. The result will be exactly the same as that 
deduced from the sensation of cold felt in the first experi- 
ment With ether, the temperature will fail several degrees 
below the freezing-point of water; with water it will fall a 
few degrees only below the ordinary temperature. It is easy 
to understand that the amount of disappearance of heat, 
and the quantity of vapour produced in similar experiments, 
may be nieasared, and their proportion verified. 

If vaporisaiion consumes heat, the condensation of vapour 
should, reciprocally, create heat ; for, clearly, this conden- 
sation represents the expenditure of a molecular work, and 
we know that such an operation is habitually accompanied 
by the production of heat We shall presently find some 
proof of this assertion. Indeed, do not certain every-day 
operations, which escape no one, already provide us with. 
one ? The temperature of the air, for instance, is consider- 
ably milder in winter after rain ; and how is it that this rain 
produces heat, if it is not because the atmospheric watei 
vapour is condensed into liquid drops ? 
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4- Ebullilion under a constani pressure. — LawofTtn. 
A third method of transforming liquids into -^ 
thatof ebullition, or tbe vaporisation of aliquidaccd 
with the formation of bubbles of vapour throud 
mass. The investigat.on of this phenoTnenon ma^ 
^¥ith the aid of ven 
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"-wrttom, the lower parts of the Uquid atlain this temperature 
before the upper parts, and tiie vapour, formed as it rises, 
cotnes in contact witli water less heated than itself; it cools 
in giving up heat to this water, and condenses suddenly ; a 
small vacuum exists for a moment in its place, and the sur- 
rounding water rushes into it with a shock ; thence a trepi- 
dation of the liquid and a noise. At length the Ijubbles of 
vapour are able to reach the surface, the thermometer marks 
ioa° C. and the Hquid is in full ebullition. Bubbles may be 
seen to become larger as they rise and burst in the air in 
the act of raising a thin pellicle of water of a hemispherical 
form. 

The first fundamental law of ebullition is the constancy 
of its temperature, on condition that we operate as above. 
Each liquid has a fixed boiling-point in free air, the same as 
each solid has its temperature of fusion. Thus water boils 
at ioo° C, alcohol at 79° C, ether at 36° C, 

It is this constancy of temperature which establishes the 
difference between evaporation and ebullition ; but these 
two phenomena are only different forms of vaporisation or 
passage from the liquid state to the gaseous. In each the 
change of state is effected on the free surface of the liquid, 
confonnably to the principles we have laid down ; only, in 
evaporation it is the visible surface which gives the vapour, 
and in ebullition there are an indefinite number of little 
surfaces enveloping microscopical bubbles of air, whether 
against the sides of the vessel, or in the ii tetior of the liquid 
mass. It is on these little surfaces that vaporisation is 
effected. Really, ebullition is only evaporation operating 
on a large number of points at once. 

Many experiments may be made, which prove that ebul- 
lirion is due to the presence of bubbles of air or other gas. 
The following are two very curious ones. The first, made 
by Donny, consists in inclosing water in a bent glass tube, 
as represented in fig. 72. This tube being open, and drawn 
out to ^ smaller diameter at one of its ends, the water is 
made to boil for some moments, so as completely to expel 
the air dissolved in the water and that contained in the rest 
of the tube. Whilst the tube contains vapour and vf^^M 
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only, the point is closed by melting it in a gas flai| 
allowed to cool, and the apparatus is finished. Vt 
to be used, the part which contains the liquid is j 
an oil bath, which is heated by means of a lamp, a 
a thermometer in the oil, we shall see that the teij 
may rise to '3°° C without boiling the water. Eu( 




this temperature the water is thrown entirely into th 
part of the tube, producing a shock which is without ■ 
m consequence of the form given to this part 

The second experiment is that first made by M. ] 
of L-ausanne, anil it is still more demonstrative. A i 
water is allowed to fall into a mixture of oils at the ' 
ature of ioo° C. and of which ihe proportions are a 
iated that its density is the same as that of water 
same temperature. The water forms a spherical a 
the middle of the liquid, and maintains this form w| 
temperature is made to rise several degrees above (■ 
there is no ebullition, because the drop of water be 
rounded on all sides by ihe liquid, has no surface fo 
■ation. If the drop be touciied by a slick of wood, 1 
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f Tapour immediately appear at the point of contact ; the 
reason being that the siids of wood has carried with it some 
bubbles of air which have come in contact with die water : 
evaporation has thus become possible, the *-apour diffuses 
into each bubble of air, and enlarges it giving it such a 
size that it detaches itself from the wood, and rises to the 
surface of the oiL 

There is a second fiindamental law of ebullition which 
bears evidence to the exterior resistances to vaporisation. 
We have said that water boils at roo° C. This cannot take 
place unless the height of the mercury in the barometer is 
thirty inches. Now this condition is only accidentally filled 
in countries but bttle elevated above the levei of the sea, 
and it never is on high mountains. At the top of Mont 
Blanc the mean height of the barometer is about 16J inches. 
Under this pressure water boils at 84° C., and in the same 
circumstances ether, which boilsat 36° C. under the ordinary 
pressure, boils at so low a temperature as 20°. Generally, 
the less the atmospherical pressure the lower is the point of 
ebullition in the open air. The reason of this law is easy 
to understand : each bubble of vapour in its formation has 
to raise and overcome the resistance ol a surrounding liquid. 
Now the pressure that the atmosphere exerts on the surface 
is transmitted by the liquid to the bubble of vapour ; and if 
the depth of the liquid is small, this pressure is the principal 
cause of resistance. The vapour has to overcome this 
resistance, and in reality with a somewhat superior expan- 
sive force ; because it is only when it teaches the atmo- 
sphere, there to spread it.^e If abroad, ihat the two pressures 
become equal. The bubbles of vapour, therefore, begin to 
form when the liquid attains the temperature at which its 
vapour possesses a maximum elastic force equal to the 
atmospheric pressure. We have already seen that this tem- 
perature decreases in the same ratio as ihe elastic force of 
the vapour. The etfects observed on Mont Blanc are thus 
explained. 

So soon as ebullition commences, the temperature remainf 

invariable, subject to the condition that the pressure doe» 

■jjpt change. If the pressure augmented on the surface ~' 
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the liquid, ebullition would stop for moment, until the 
liquid had acquired sufficient heat from the source to raise 
its temperature to the necessary point. The Cable on page 
187 gives the temperatures at which water boils under various 
pressures ; for example, if it be submitted to a pressure 
of two atmospheres, its temperature must rise to iai''C. 
or 149° F. before it begins to boil. In the steam-engine 
ebulhtion takes place at a constant temperature, when the 
tire is managed in such a manner that the quantity of vapour 
developed in the boiler is constantly equal to that which 
leaves it to act in the cylinder ; it is on this condition that 
the pressure continues invariable in the boiler, and that the 
work of the niaclune is regular. Our table shows the rela- 
tion which exists between this pressure and the boiling-point 
of water. Jf the engine is under a pressure often atmo- 
spheres, the water boils at 180° C. or 356° F. Suppose the 
careless stoker should overcharge the furnace with coal, the 
temperature will rise, because the quantity of vapour formed 
will be more than that which is able to leave the boiler, and 
it will therefore cause the pressure to be rapidly augmented. 
■020 C. or 395° F. the pressure would be sixteen atnio- 
spheres, and at 213" C. or 415° F. would be as much as 
twenty atmospheres ; so that in allowing the temperature to, 
rise 30" C. or 54" F. only, the stoker will have doubled the 
pressure. Explosion might result from this unless the 
machine were able to bear so immense a pressure. It is 
for this reason that the boiler is furnished with safety valves, 
which allow the vapour to escape so soon as the pressure 
becomes too great. 

5. Interior and exterior work. — Heat of evaporation. 

What part does heat play in ebullition when the pressure 
remains constant, and consequently there is no change in 
temperature ? Evidently, the heat ceaselessly furnished by 
the stove is no longer sensible afier passing into the liquid, 
Hiasmuch as the thermometer does not give evidence of its 
presence; it has been consumed, annihilated as heat, but its 
,*3uiva!ent will be found in the mechanical work produced 
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We must here take into consideration both the interior 
work due to the liquid molecules being separated in spite 
of the cohesive force which unites them, and the exterior 
work due to the volume or bulk being increased in spite of 
the resistance of bodies which press on its exterior surface. 
When the liquid boils in free air, it is the atmosphere which 
offers this resistance. Wlien it boils in the steam-engine, it 
is the piston. In these circumstances, the exterior work is 
quite com])arable in amount with the interior work, and it 
can never be neglected as in the fusion of solid bodies. 
This depends on the fact that the bulk of the vapour is 
always much greater than that of the liquid from which it is 
produced. Thus water in vaporising at joo° C. expands to 
a volume 1,700 times its former bulk. 

To represent the work produced, imagine a cylinder one 
square decimetre in section containing a kilogramme oi 
water at i oo" C. and a piston exerting on the surface of the 
water a pressure of 103 kiiogrammes. When 536 thermal 
units shall have been spent, this water will have been reduced- 
into vapour, and the piston will have been raised about 170" 
metres. The exterior work produced is then more than 
17,000 kilogrammetres, and it has consumed 40 thermal 
units; that is to say, nearly one- thirteenth of the whole 
quantity of heat expended 

To determine the heat of vaporisalwn, — that is to say, the 
number of thermal units consumed by a liquid when it is 
reduced into vapour under constant pressure, — we must 
measure the heat disengaged by the vapour when it resumes 
the liquid state under similar circumstances. To illustrate 
this, remove the source ot heat from the cylinder filled with 
vapour, which has served us in the above demonstration. 
The result wili be that the piston will redescend as fast as 
the molecules of vapour now disenthralled obey their mutual 
attractions and reconstitute the liquid. There will be thus 
two kinds of work spent ; first, that of the piston, and after- 
wards that of the molecular forces j and hence so much 
heat disengaged as may be equivalent to the whole of this 
work. When the kilogramme of water at 100° C. has be- 
'^me reconstituted, the total amount of heat disengaged 
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trill be exactly equal lo that which had been expein 
the vaporisation. The condensation of vapour _e 
under the same conditions of pressure as ebullition, pre- 
sents the same relations between heat and work ; there is 
simply inversion in the sense of these quantities. Now « 
is very easy to measure the heat disengaged : to effect this 
it suffices to surround the cylinder with cold water. From 
the weight of this water and the elevation of its tempera- 
ture, the number of thermal units may be calculated. Ttui 
is the reason that it is preferred to make the estimation in 
the return to the liquid state ; and it is by making experi- 
ments of this kind that Regnauli has found that in the 
operation just described 536 thermal units are expended. 

Distillation furnishes a very simple example of the con- 
densation of vapours under a constant pressure. _ Tlws 
operation effects the separation of a liquid mixture into its 
constituents of unequal volatility, the more volatile coming 
over first. The simplest case is that of a simple liquid iD 
which non-volatile matters are dissolved or held in suspen- 
sion. The mixture is introduced into a boiler presenting t 
large surface to the fire. Ebullition takes place ; vapour 
arises from the Uquid only ; it passes into a ser|)enline tube 
surrounded by cold water and open to the air at its e» 
tremity, so that the atmospheric pressure is freely exercised 
within the apparatus (fig. 73). The cooled vapour con- 
denses at first under this pressure, disengaging heat but keep- 
ing its temperature. The liquid thus produced descends in 
the serpentine, gradually cooling, and continues to disengage 
beat until it has attained the temperature of the water ; it 
is collected in a vessel placed below the apparatus. As to 
the non-volatile matters, thpy accumulate in the boiler, being 
completely separated from the liquid. 

The heat disengaged during the condensation of the 
vapour is employed in heating the water which surround) 
the serpentine tube; and as it is necessary, to prevent loss 
of vapour, that the distilled liquid should issue as cold a! 
possible, the water, as it becomes warm, must be replaced 
by fresh cold water. This enters from below, and the IWl 
wal ST nmsout from above. Such an apparatus is termed a^rtfl 
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jst be remarked that the heat disengaged in the worm 
1 to that received from the fire, the mixture having 
e reached the boiling-point, and loss by conduction, &c., 
J overlooked. This distillation, therelore, effects a 
riiable transportation of heat. This operation has been 
^tied for heating purposes. The process of heating by 
t circulation of steam is nothing more than distillation on 
Urge scale. Suppose a house is to be heated, the boiler 




is fife 1 in on of the cellars and \ i| es are nrranqed iii 
form 01 an immense serpentine throi^hout all the floors of 
the house along the walls and under the floors the steam 
rises into them condenses disengi es heat and the con 
dense 1 water retu ns to the boiler It ag^m becomes heated 
and circulates afresh in the same manner that the blood 
receives heat fron the hin„s distributes it in all parts of the 
body and returns to the s urce to repair its losses. 
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6. The utilisation of Heat in the steam-engine and 

/wt-air engi7U. 

A sleam-engiue furnisherl with a condenser might be 
compared to a still, if it were only regarded superficially. 
There is the boiler, in wliich the water spends heat to effect 
its reduction into vapour, and the condenser, a rescfroir 
surrounded by cold water, into which the vapour enters 
after leaving the cylinder ; the water here again assume* 
the liquid state, disengaging heat ; and it might be sup- 
posed—as, indeed, was for a long time thought — that the 
heat disengaged in the condenser is equal to the heat 
expended in the boiler. It has been [iroved, however, by 
numerous experiments, especially those of Him, to which 
we have alluded in our first chapter, that tliis equality does 
not really exist. The heat disengaged is always less than 
the heat expended, and the difference is proportional 10 
the mechanical work effected by the piston of the machine, 
so that the heat taken from die fire by the water in Qie 
boiler is partly transported into the condenser, where it 
heats the surrounding substances, and partly annihilated 
as heat, and transformed into mechanical motion in the 
cylinder, where an exterior work is effected. The most 
perfect machine is that in which the proportion of heat 
transformed into work is the greatest possible ; and theoPf 
indicates that this proportion can scarcely exceed one-sixth 
of the heat really absorbed by the steam. In other words, 
taking the most perfect steam-engine known, and supposing 
diat six thermal units are supplied by the fire to the boiler, 
one unit is converted into work, and five are transported 
to the condenser, as in a still. 

On comparing from this point of view the steam-engme 
with the hot-air engine, of which we have given an idea in 
our first chapter, it is obvious that the latter is, theoretically, 
to be preferred. For example, when the air of the machine 

heated but a little above 300° C, which limit is necessaiy 
, to prevent the parts from being destroyed by rapid on 
dation, it is possible in ftip-otv to cotvvwx. \\!M. -SaaliP 
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^Kiended into mechanical u'ork, the other half being 
^fenply transported into the surrounding bodies, — a result 
H><ich superior to that given by the steam-engine. The 
Bpnstniction of air-engines ought, therefore, to be seriously 
^Kodied by inventors, with a view 10 their mechanical pcr- 
^^bion ; for, unfortunately, th« numerous attempts that 
^Hre been made to construct large air-engines have been 
^H from realising the hopes that were justly founded upon 
^K advantages they offer in principle. Hitherto, in conse- 
^Bence of their bad construction, and in many cases because 
^^K principle appears not to have been grasped, hot-air 
^Hgines have not exhibited any practical superiority over 
^^nm-engines. The future may show a very ditierent 
^Kult. Hot-air engines are in no danger of exploding ; 
^Ky can be worked without -water, and, above all, they 
^Bect the conversion of heat into work in the most eco- 
^nnical manner. Inventors need not lose courage. With 
^He example of the illustrious Watt always before them, 
^Bey sliould rather apply themselves to master thoroughly 
^Ke laws which have been placed within iheir reach by the 
^Kiv theory of heat. Was it not, after unheard-of efforts 
^■d immense pecuniary sacrifices, that the inventor of the 
^ftam-engine arrived at his end; and how many had pre- 
^Rusly succumbed ? Enough to mention here that Denis 
^^totn, of Blois, discovered the principle of this machine in 
^Be seventeenth century, a discovery which has immortalized 
^Ds name, though its application to the industry of the world 
was the achievement of others. 

To return to the phenomena of the steam-engine. It is 
an experimental fact that a kilogramme of steam, by lique- 
fying in the condensei, disengages a quantity of heat less 
than that which had been expended in its formatioii in the 
boiler. We can explain this by examining the conditions 
under which the vaporisation of the water and the liquefac- 
tion of the vapour are effected. The water is converted 
into vapour under a constant pressure, and the heat ex- 
pended serves, on the one hand, to separate the molecules 
of the liquid, thus effecting an interior work ; while, on the 
Other hand, it surmounts the tesisionce ol *&& '^xs.'ycw 



n which expUins the facts obsened bj 

We Urns see ihat a v.iiiour when condensing uoiier i 
ooosUnt liftssure, or under a giaduaily rtecreasing pressore, 
does not riisengagc the same quantity of heat that had been 
absorbed in its formation, and this observation leads us 10 
study ebullition under analt^ov 



7- JJim' a liquid may be made to boU by (vld. 

It is not necessary that a liquid should be in contact with 
what is commonly called fire in order to bolL There ate two 
tnditions necessary and sufficient for ebullition : first, thai 
the temperature of the liquid be below the surrounding 
bodies; secondly, that the pressure exerted on its open sur- 
face be less than, or at most equal to, the maximum elastic 
force possessed by the vapour at the temperature under 
insideration. In fact, around each little bubble of air 
intained in the liquid, vapour tends to form as soon as tt 
is reached by the sensible heat from the surrounding bodies, 
Lnd it is hindered in its formation by the pressure exerted 
m the bubble of air by the surrounding liquid : a pressure 
which results from the action on the pans comprised 
between the bubble and the surface, and from the rvsin- 
ance of the air or gas situated above this surface. The 
Mate of the liquid molecules under the double influence of 
heat and of pressure is com|)arable to that of a stretched 
spring. If the obstacle which holds it offers a limited 
resistance, it will be overcome by a gradually increasing 
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tension, and the spring will relax itself suddenly. Similujly 
the molecules (of water, if we please) are gradually heated 
hy neighbouring bodies, and this heating continues so long 
as their teinijerature is lower than that of the surrounding 
bodies, and there arrives a moment when they separate, 
surmounting the exterior resistance ; obviously they possess 
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-^■at this critical moment an elastic force at least equal to the 
resistance they overcome. 

This reasoning shows that ebullition is not always effected 
under a constant pressure and an invariable temperaiure, as 
in the cases with which we have as yet been occupied. 

Connect a little glass flaslc containing ether with a large 
reservoir by means of a leaden pipe (fig. 74). This reservoir 
is closed by a stop-cock, and the air which it contained has 
been removed by the air-pump. Open the communication, 
and we shall soon see the ether boil with as much activity 
as if « e had held the flask over the fita. K a. ^.VisxTOKitMWa. 
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has been placed in the liquid, we shal! see at the same time 
that the temperature has fallen several degrees. In fine, 
when the ebuihtion has lasted a httle time, it will entirely 
cease. This observation confirms the accuracy of oui 
reasoning. 

Before opening the communication, the ether is at the 
ordinary temperature, and its surface is pressed by the 
atmosphere. After communication is made with the empty 
reservoir, the air in the flask expands, and diffusing itself 
through the greater space, its pressure becomes compara- 
tively slight. The molecules of ether then become vaporised 
at the surface of the Hquid, because the pressure of the 
atmosphere has been removed. Vaporisation being effected 
by the production of interior work, a quantity of sensible 
heat equivalent to the work disappears, and in consequence 
the temperature of that portion of the ether which has 
remained liquid falls. It will now be colder than the si ' 
of the flask and other bodies near it, and consequently these 
act upon it, as if they were sources of heat ; ebulliti 
therefore, continue so long as the pressure remai: 
cientiy small. But the vapour, accumulating slowly in the 
reservoir, forms in conjunction with the air a mijcture the 
pressure of which is constantly increasing; this pressure 
offers to the surface of the ether a resistance which is also 
increasing, and this soon becomes sufficiently great to stop 
the ebullition. At that moment the resistance equals the 
maximum elastic force of the ether vapour at the tempera- 
ture of the flask. 

If we cool the reservoir by surrounding it with ice, 
otherwise, ebullition will again commence in the fksl^ 
because the ether contained in the reser\'oir is partlj' con- 
densed by cooling, and the pressure diminishes m the 
interior. It has, therefore, ceased to obstmct the formation 
of vapour in the flask. As fresh vapour is disengaged it 
enters the reservoir and is condensed, and the ebullition 
may then continue. A tme distillation is thus effected 
without any apparent application of heat, but there i 
essential difference between this phenomenon and that 
exhibited by the StiU. 'VVi\s ii\sl\\\au<iTv vna-y-. ' 
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elTlcted with a constant temperature of t buliit on if the I 
pressure is maintained mianablv in the apparatus TliusI 
the fact that liquid mav be mide to boil by cold whichrl 
■appears s ngular when thus simplj announced, is easily.j 
explained 

ihe experiment may be made with water i 
Ijwmg bimple manner witliout the need of expensive^ 
apparitus — First, water la 
made to boil in a long 
necked flask (fig 75) so 
that the steam ansing from 
It shall completel) fill the 
Risk to the exclusion of 
air It IS then corked 
tightly turned up and the 
neck IS plunged into water 
so as entirely tu prevei t 
the entnnce ot air through 
the interstices ot the ork 
1 he flask is thus in a cool 
ing condition so long as 
Its temperature remains 
higher than thit of the 
surrounding bodies The 
vapour o\er the hquid 
partly condenses and there 
remains onl> a suffiLient 
quantity to keep the pres 
sure great enough to prt 
vent further viponsiti m 
This being the state of things we can make the nater boil 
again by pounng cold witer on the flask for the vapour 
being thus rapidly condensed its pressure suddenly dimin- 
ishes as if a vacuum had been produced oier the 
hquid which is immediately seen to boil \\ hen the appa- 
nius has cooled to the ordinary temperature the water it-M 
contains miy be ^gain made to boil by apphing a piece oil 
ice to the upper part or bv netting it with 1 little ether, 
^rtBch, by Its rapid evaporation produces cold Ute. ■ 
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The decrease of interior pressure tfaas occasioned 
cauiics ebullition of the liqnid. 

To resume : the vaporisation of a liquid is effected opda 
the following circumstances i — First, by cvapofaDon ia * 
vacuum, or in a glass until the vapour formed from die ant- 
face i)as attained a fixed maximum elastic force, depeoditt 
on the temperature ; secondly, fay ebuliitioa at a consaot 
temperature when Che pressure is itself constant, and iJiil 
tem|)erature is below that of the surrounding bodies ; thinflj, 
by ebullition in a vacuum or in an artificial atmosphere of 
gas the pressure of which is less than the maximum e)»SOC 
force of the vapour which is relative to the tempetatuie of 
the liquid. 

AM liqui[1s are not susceptible of being transformed iMo 
vapour by ebullition. Mercury may be made to boil a! 
360° C. or 680° F., but the less fusible metaJs, such as g<Al 
and platinum, would require temperatures so high as to be 
unaltoinablc. All that we can say of these bodies is,thu 
they arc volatile at very high temperatures ; further, niany 
liquids are decomposed by heat, and their vaporisatioa it 
consequently very difficult; their distillation often inipossitdb 
In these cases, above all, recourse is had to distillation JB 
B vacuum, because a very low temperature, at which dc 
position does not t.ike place, suffices for the effect 
method is frequently utilized in chemistry. 



8. T/m Geysers. 
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Let us now try to apply the principles we have explained 
to those impressive natural phenomena which have often 
been attributed to mysterious causes, and which have iO 
long exercised the sagacity of savants. 

Iceland is a volcanic islaud, in winch a chain of luoui^ 
tain rises covered with eternal snows. A dozen volcanoes 
are distributed along this chain, the best known of whidi 
is Hecla. Glaciers descend from the snowy summits and 
give rise to immense cataracts of water, which spread out it 
the foot of the mountains and cover spaces of considcca' ' 
extent, foiroing vast marshes, the bQ«,Qv\\ of *lii 
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np by volcanic action. The water becomes engulphed in 
these crevasses, and through subterranean channels pene- 
trates into the heart of the mountains, where it becomes 
healed, and subsequently issues from the craters in torrents 
of steam. From time to time we meet with smoking lakes 
and quagmires, upon the surface of wliicii immense bubbles 
rise, which in breaking throw their froth several yards into 
the air. In other places there are intermitttnt jets of boil- 
ing water, called Geysers. E4'erywhere, and under various 
aspects, the action of the central heat is made manifest, ap- 
parently as if Nature had gathered together in this desolate 
place her most terrible engines of destruction. 

But forget the noise of the explosions, approach a geyser 
whilst at rest, and you will see a marvellous well, fashioned 
by the hand of Nature herself Let us take the Great Geyser 
as our example- At the top of a mound some 12 or 13 
yards in height will be found a beautifully enamelled basin 
more than 50 feet in diameter. In the centre of this basin 
■ is a well 74 feet deep, and 10 feet in diameter, the sides 
of which are lined with the same siliceous enamel as the 
basin. " Over the surface curls a light vapour," says Prof 
Tyiidalt ; " the water is of the purest azure, and tints 'with 
its lovely hue fantastic incrustations on the cistern wails." 
Such is the appearance of the geyser in its quiescent state. 

When an eruption is about to take place, the well and 
basin fill with hot water ; the ground shakes, subterranean 
explosions are heard, and the water is violently agitated. 
Presently the water swells np in a boihng condition, and 
overflows the basin of the geyser. This is speedily suc- 
ceeded by the true eruption. An immense column of water 
and vapour is thrown into the air, and falls back into the 
basin : some further detonations are heard, and then all is 
at rest But this rest is only momentary; the eruptions 
succeed each other with similar phenomena during several 
years, afterwhich they cease. Noihing then remains of the 
geyser but the well, which continues to be supplied with hot 
water until it has found another issue. 

The celebrated German chemist, Bunsen. has attentively 
examirjed the Great Geyser, and he has TioX. ovi\^ e,"K^\'i\w^ 
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pressure of the atmospliere, augmented by the pressure of 
ilie column of water, 6'6 feet in height, at a temperature 
of jo5° C. or i2i° F. The water situated two feet higher 
up the tube, having only to overcome the pressure of the 
atmosphere and a column of water four feet six inches in 
height, would boil at about 103° C. or 217° F. But if, 
when it is about attaining this temperature, it has no longer 
such a pressure to support,— -for instance, if the column 
of water is removed, — it would he instantaneously converted 
into steam, its temperature falling to loa" C. or 212° F., 
that being the boiling-point of water under the ordinary 
pressure of one atmosphere. Let us, therefore, conceive 
the water in the tube to be heated to nearly ro3'' C. or 
217° F. at the part next the circular grate, and that at the 
bottom to be entering on ebullition at 105° C. or 221° F. 1 in 
this case, the steam produced will raise the column of watet 
throughoul the length of the tube ; the basin will become 
filled, and that part of the water which is heated to 103° C. 
will be raised towards tlie upper part ; it will then support 
a column of water less than four feet six inches, its original 
height, and will be reduced into steam. This steam will 
completely drive the water from the lube, and in consequence 
of the suddenness of the effect the water will be projected 
above the basin as a jet of water mixed with steam. This 
jet will cool itself in the air, and then, falling back into the 
basin, will cool the steam remaining in the tube ; all the 
water in the basin wOl rush into the latter as into a vacuum, 
with rather a violent shock ; some bubbles of steam might 
form at the point of contact witli the hot sides of the tube, 
but they will be immediately condensed by contact with the 
cold water : these consecutive reactions will cause the little 
detonations before the resumption of rest. Sources of heat 
continuing to act will then re-establish the column of water 
in the same state as before, and all the phenomena of the 
eniplion will be repeated. 

Bunsen has measured the tem]3eraturea of the water of 
the Great Geyser at various depths, and he has found that 
they decrease regularly from below upwards. The water 
nine metres from the surface is onl" two degrees below the 
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temperature of ebullition, wliich corresponds to the ■_ 
supported by this part. It was therefore only necessai^ 
it should be raised two metres to enable it to boil, and thU' 
project outwards the whole of the column of water above iL 
As to the cause of this lifting, it is due lo the clastic (am 
of the steam which arrives ai the bottom of the wdl, con- 
ducted there by the subterranean wells from the Vokuic 
depths where they are generated. 

This ingenious theory explains all the peculiarities of tbt 
geysers. The water which feeds them is chained with i 
siliceous matter, which is deposited on the sides of the basin 
as the water evaporates. The well or tube is thus gradually 
Taised, together with the mounds on which it is siinalcri, 
and lined with a deposit of siliceous enamel. In this manner 
the geyser must have been slowly constructed by a spring 
of siliceous water before the eruptions commenced. At fifst 
there would be simply a boiling spring, and the crystalline 
tube and basin would be slowly formed by the flowing ovct 
of the spring. The eruptions wouid first take place when 
the tube or well was deep enough to contain a column of 
water sufficiently high to obstruct the escape of the j« of 
vapour, although not preventing ebulKtion below. At lengtii, 
in consequence of the augraenlaiion in length of the tube, 
the cohimn of water becomes sufiiciently high to put an end to 
all ebullition ; the subterraneous vapour then seeks a:'.olhet 
outlet, and the geyser is extinct. 

5. TXe spheroidal state of iiquirls. — How the htiman Mf 
may be incombustible. 

The phenomena which occur when volatile liquids arc 
' placed in contact with very hot bodies are very remarknblc, 
and it is but lately that they have been satisfactorily ex- 
plained. It is ijossible to plunge the hand into molten lead) 
touch molten type-metal, pass the tongue over red-hot irOD 
without burning. The workmen in foundrjes are aware oC 
these facts ; and recently, M. Boutignj', of Evreux, has nuule 
a special study of them, himself repealing these ex perimenBi 
The hand must be citeM\^ tficn-Aeweii wxiv i 
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' liquid, such as alcohol or ether, when it is wished personally 
to prove thesi curious efFecis. Yet the natural humidity of 
the skin, especially when under the influence of some appre- 
hension, might suflice. It is also evident that the trial must 
be made rapitUy and with considerable adroitness, simple 
radiation being sufficient to burn the parrs of the hand next 
those which touch the molten metal. Tlie momentary in- 
combustibility of the skin depends on the slight layer of 
liquid which moistens it : it is this which intercepts the 




Flo. 77.— Sphi 



passage of the heat The explanation of this property of 
volatile liquids will, however, result from a less dangerous 
series of experiments that we shall be able to perform with 
inanimate matter. 

Heat a well-polished iron capsule to redness, and drop 
mto it a few drops of cold water; we shall see them collect 
together into a tremulous globule with rounded edges, which 
turns continuously on itself (fig. 77); there is no ebullition, 
no visible vapour, and j'et the globule diminishes slowly. 
There is. therefore, slow evaporation over its siirf.ice ; but il 
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may be so slow, that Pouillet lias kept for saveral he 
large plaiinum dish filled with water. It is the vapour 
which, enveloping the waters on all sides, prevents immediate 
contact between the liquid and the hot surface. Escaping 
first from one side, then from the other, it breaks into the 
contour of the globule and makes it oscillate ceaselesslyj 
it acts upon it like an infinity of little hidden springs, 
alternately compressed and extended. Thence the fantastic 
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movements of the globule, which acts as if it were trying to 
escape from the fire, where it is retained by an invincible 

It is easy to prove the existence of a slight layer of 
vapour interposed hke a little spring cushion between the 
incandescent surface and the globule. A horizontal plate 
of poUshed metal, silver for instance, is heated by means of 
a lamp (fig. 78). A drop of cold water being thrown on to 
the plate when sufficiently hot, takes upon itself the aspect 
we have just described. Having blackened tlie drop with 
a little ink, we may distinctly see the hght of a candle 
through the thin line of vapour which lies between tiic 
underside of the globule and the silver plate. A beautiful 
exhibition may be made of this experiment by projection. 
By making a horizontal ray of light fall on the globule, and 
arranging a lens at the other side, a reversed image may be 
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shown on a screen, in H'hich the plate of silver, the globule, 
the image of the globule in the plate, and the line of trans- 
parent vapour wliicli separates them, are distinctly visible. 

The temperature of the water when in this peculiar state 
(wliich is called the splieroidal state) may be detennined by 
the elevation in temperature produced in a known weight 
of cold water when the globule is thrown into this water; 
or by placing the bulb of a thenaoraeter in the midst of 
the globule — when it will be found that ihe temperature 
sought is always below roo° C. ; it is therefore impossible 
for ebullition to take place. 

This fact is general : — Put ether instead of water in the 
heated capsule, and the temper:iture of the globule of ether 
will be below 36° C. ; it will neither boii nor inflame. 
Place in it some liquid sulphurous acid, "hJch boils at ten 
degrees below zero ; the globule will be colder by several 
degrees. A few drops of water thrown on to this globule 
instantaneously congeals, thus producing ice in a red-hot 
vessel. This experiment might be made on a larger scale. 
Place in a platinum cm cible strongly heated a large quantity 
of liquid sulphurous acid ; on throwing some cold water into 
it, a considerable mass of ice may be obtained. Far.^dy lias 
even seen liquid carbonic acid, which is still more volatile 
than sulphurous acid, take the spheroidal state at loo" below 
zero C, or 150° below zero F., and congeal an ounce of 
mercury in two or three seconds. 

This simply proves that volatile liquids, when placed in 
very hot vessels, cannot attain the temperature of ebiilhtion, 
and that they only evaporate from their surfaces. 

In order for the spheroidal state to be assumed it is ne- 
cessary that the solid body be heated above a certain limit 
of temperature, which is special for each liquid, and which 
is lower in the degree that the liquid is more volatile ; ac- 
cording to Eoutigny, the limit is 142° C., or 288^ F. for 
water, and Gl° C, or 142° F. for ether. If, after having ol> 
tained the spheroidal globule, the vessel be allowed to cool 
al the moment its temperature attiins this limit, the liquid 
immediately touches it and boils with vioknce. The follow- 
HK is an experiment which demonstrates thli fact in a very J 
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I Btriktng tnanner. and which possesses a peculiar interest, 
because it illustrates one of the causes of explosion in steam- ' 
Boilers. 

A copper bottle (fig. 79) is strongly heated ; water is in- 

Uoduced into it, which takes the spheroidal state ; the boHle 

ris corked and allowed to cool When the temperature has 

I fellen to about 142° C the w-ter begins to boil and stea:«, 




f developed in great quantity, almost instantaneously ejects 

I the cork with explosion. 

Consider now the boiler of a steam-engine. When in a 

\ normal condition, its sides which are in contact with water 
e alone healed by the fire. The water, being thus kept at 

I a constant temperature of ebullition, prevents the metallic 

I sides of the boiler from becoming hotter. From any une^. 

L pected cause, such as an incrustation which separates the 
water from the sides, ihey will become heated to rednes-s- 
and if the cause is then removed, if the incrustation presents 
fissures, the water will again come in contact with the incan- 
descent metal and will take the spheroidal state. When 
under these circumstances the heating is stopped, the tem- 

' perature of the metal will fall, and an enormous mass of 
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ivill be suddenly engendered at about 142° ( 

the resistance of the boiler is not great enough to prevent 1 

it, there must necessarily ensue a terrible explosion. 1 

The same phenomenon is presented under another form 
by the immersion of an incandescent body into the midst 
of a cold liquid mass. Make a ball of metal, suspended 
by an iron wire, red-hot, and plunge it quickly into cold 
water ; a kind of crackhng will be heard, and the ball will 
remain red for some time without the surrounding water 
becoming apparently heated : a sheath of vapour is around 
the ball which prevents contact. But the ball is presently 
cooled to the limit of 142° C, and contact is established; 
immediately, the water nearest boils violently, and a kind J 
of explosion occurs. Glass-blowers utilize this fact ; they 1 
plunge the mass of incandescent glass held at the end of 1 
ilieir rod into water, and, turning it rapidly on itself, theyil 
fashion it ; afterwards, blowing through their rod, they fonn 1 
ia the midst of the pasty mass a bubble into which theyJ 
introduce a little water, and then close the opening witb.l 
their finger ; the vapour of this water presses the sides of the:J 
bubble, swells it, and gradually augments its capacity. AUV 
this is done without explosion, because the glass is very ho1^,j| 
and the water which seems to touch it is in the spheroidd J 
state, and evaporates very slowly. I 

The singular effects we have just proved must now be J 
explained. The experiment has taught us that there is no 1 
actual contact betueen the liquid and the red-hot solid, and 
that the temperature of the liquid is always below that at 
which it would boil. It is understood that the vapour pro- 
duced at the surface of the liquid fills the space which 
separates it from the solid ; but the question arises whether 
the elastic force of the vapour is sufficient to maintain the 
separation, and whether the rounded forms of the liquid 
globules result from their evaporation J It seems more natural 
to attribute these forms and the absence of contact to the 
mutual action of the liquid and the solid, A drop of water 
thrown on to a plane surface covered with lamp-black takes 
the spheroidal shape without wetting the surface, exactly as 
^^K had been thrown on to the incandescent surface. Doe< ^ 
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tlie generator, bicarbonate of soda is placed, and aftenvaidj I 
a copper tube filled with sulphuric acid, and open at the 
upper extremity ; the reservoir is then closed, and made to 
oscillate on a horizontal axis. The acid, mixing with the 
bicarbonate, disengages carbonic acid gas, whicli soon 
attains its maximum elastic force, about &fty atmospheres, 
at the ordinary temperature. A communicating tube is then 




fitted between the generator and a second resei"Voir, calletl 
the receiver, and communication is opened. The carbonic 
acid gas passes into the receiver, and there condenses, 
because tlie temperature of the generator is always a lillle 
higher than that of the receiver, in consequence of the 
chemical action which is there affected, A true distillaf' 
takes place out of the warmer of the two vessels intou 



raise the temperature of the lk|iiid ; vaiX)nsatioD consumes 
nearly all the heat absorbed, and this itself is only a fraction 
of the iieat radiated by the incandescent surface. The 
greater the incandescence, the smaller is this fractiMi ; be- 
cause ihe luminous rays have only a slight heating power. 
All is thus easily enplained, without the necessity irf assum- 
ing the existence of a new force, as some have done. 

The heat employed in the transfonnation of a liquid into 
vapour is really annihilated as heat ; it is converted into 
molecular motion, and we shall cite yet another curious 

It is related th^t two Englishmen exposed themselves 
in ovens to a temperature esceediog loo" C, and that 
tliey came out safe und sound There is nothing extra- 
ordinary in this experiment if we remember that tlie human 
body is a tissue impregnated with water ; that tliis water 
can come to the surface of the skin by ]>crspiration and 
there evaporate. When the body is in a very hot medium, 
the heat is employed interiorly to produce work to fwepare 
perspiration ; it can only very slightly raise the t«npera- 
ture. At the surface an abundant svveat protects the skin; 
it is the water which comes from Uie inierior of the body 
and which evaporates sufficiently fast to prevent the tent- 
peratnre from rising to a very great extent. The whole of 
the heat radiated by the oven to the bodies of our hardy 
experimenters may be said to have been destroyed liy per- 
spir.ition, and we need only be astonisiied at the audacity 
;f their ciUerprise. 
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is effected, a deficit of sensible heat; this heat disappEan, 
and cannot be found in the neighbouring bodies. It is 
natural to suppose that it has been converted into me- 
chanical work, seeing that it is proportional to the work 
produced. The following is a very simple example, 

A metallic reservoir (fig. 84), closed by a stop-codi, is 
filled with compressed air. A jet of air from it is directed 
on to the bulb of a thermometer, and this indicates fallen 
temperature. If the reservoir were surrounded with water, 
we should also observe a fall in the temperatuie of the 
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water, which proves that a part of the sensible heat of Ae 
air has disappeared during the exit of the air. This Ion 
has afterwards been partially repaired by the heat which the 
surrounding bodies furnish to the cold air remaining in the 
reservoir; but finally both these bodies and the escaped 
air are minus a certain quantity of heat, of which no porti£>n 
can be found. 

Let us now examine the above phenomemon. At the 
moment of its escape from the reservoir, the elastic force ot 
the compressed air has lifted ihe atmospheric air existiag 
before the orifice, and the etTect produced is mechanically 
the same as if the stop-cock were surmounted by a loi^ 
pipe containing a piston one square decimetre in section, 
«jjd of the weight of 103 kilogrammes, since the weight « 
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■iach a piston represents the pressure of the atmosphere. 
Suppose the compressed air raises this piston 4 metres, and 
that then its elastic force has become sufficiently reduced 
to re-establish the equilibrium ; the work produced, in this 
case, will be equivalent to 412 kilogram metres, and the 
thermal unit will have disappeared. The volume of the gas 
has been augmented to the estent of 40 litres during the 
same time. Whenever a gas extends itself in the atmosphere 
in issuing from a reservoir where it is in a compressed state, 
each augmentation in volume of 40 litres corresponds to a 
work produced, and a quantity of heat lost, as stated above. 

The method of producing cold by the relaxation of gases 
has been applied to the manufacture of ice. Conceive a 
machine in which a piston put in motion by a motive force 
draws atmospheric air into a cylinder, and afterwards com- 
presses it slowly in a reservoir. A certain quantity of 
mechanical work will be expended in this operation, but 
the temperature of the compressed gas will not rise if the 
operation is sufficiently slow to allow the heat created by 
this expenditure of work to pass away into the surrounding 
bodies. This heat disseminated in these bodies is not 
utilizable, and in practice its effects may be neglected. The 
compressed air afterwards expands rapidly in a cylinder 
surrounded by water, and its temperature spontaneously falls 
below zero. It then takes heat from the water j and that 
again in its turn cools ultimately to zero ; after this it can 
evidently yield no more heat to the gas excejit by freezing. 
The working of the machine makes these operations con- 
tinuous, and they may be summarized as follow : — 

J^irsi period. — Ordinary air is slowly compressed without 
change of temperature ; this necessitates an expenditure of 
work. 

Second period. — The compressed air expands rapidly and 
its temperature falls below zero. 

Third period. — The cold and relaxed air again returns to 
lero and to the ordinary pressure, by taking heat from the 
water which freezes. 

On this principle an industrial process has recently been 
^^ttnded in England for t!ie manufacture of w« OTi ■*. Va^^t 
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scale, A sleam-engine works the air-pump, and, according 
to Kirk, the inventor, a quantity of ice may be produced 
equal in weight to that of the fuel consumed. 

The relaxation of moist air 
is a cause of colcJ which acts 
* by bringing about the condensa- 
tion of the water vapour it con- 
tains, and even its congelation, 
It is very easy to show experi- 
mentally the formation of a mist 
owing to the .iction of this cause. 
It is sufficient lo put two glass 
reservoirs in communication, the 
one containing air saturated wilh 
moisture, the other empty (fig. 
85). When the slop-cocks are 
opened a little cloud may be seen 
to appear in the first reservoir 
simultaneously with a whistling 
sound which the air makes in the 
act of rushing into the empty 
reservoir. The mist beccmes 
very apparent when placed be- 
tween the eye and the light ; it 
appears dim and often surrounded 
by an iridescent halo. 

When any local circumstances 
determine a diminution of pres- 
sure at any given point of the 
atmosphere, the surrounding air 
extends and occupies the rarefied 
spaces ; the augmentation of its 
•n^\y ^(^\oa'^\7^" volume is what we have called 
relaxation, or letting go from the 
state of compression in which it 
had been held. Such is a cause of fog, rain, and even o( 
snow, which we must now add to the other examples dial 
we have already met with in studying the radiation and con- 
vection of heat. It is quite evident that the motions of tti« 
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itmosphere due to this cause produce local winds, and that 
it plays a very important part in meteorological phenomena. 
The evaporation of liquids furnishes us with a third 
method for the artificial production of cold, and it is more 
easily applied tiian the two preceding ones. It haa also 
been employed by physicists and chemists in the liquefaction 
of a large number of gases and the solidification of their 
liquids. Alcarazas are vessels of porous earth in which 
water can be kept fresh. They have long been used in 
Asia, and have been imported by the Arabs into Spain, 
whence they Have passed into France. The water contained 
in these vessels sweats through the sides, and, reaching the 
exterior surface, evaporates, by consuming some of the 
sensible heat of the remaining liquid water. The latter 
may thus fall to the temperature of lo" C. or 50° F., when 
the exterior temperature is 30" C. or 90° F. The alcaraza 
must be placed in a gentle current of air, so that the air in 
contact with the vase may not be allowed to remain and 
become saturated with moisture. In Bengal, moistened 
leaves are suspended before the windows ; the exterior air 
being very hot and dry enters the rooms by traversing these 
leaves ; it evaporates the water rapidly ^nd cools sufficiently 
to acquire a certain degree of freshness. Here, too, ^e see 
one of the causes of the coolness of the woods during 
summer. 

During evaporation water may attain the temperature of 
zero, after which, if evaporation continues, congelation takes 
place. The heat produced by the part solidified is then 
consumed by the part vaporised. Each gramme of vapour 
produced aljsorbs the heat disengaged by eight grammes of 
water in freezing. But to produce ice it is necessary to 
arrange that the water only shall give out heat, and 10 do 
this the neighbouring substances which are at the ordinary 
temperature must be hindered from giving out any 
siderable quantity. This has been realized by Leslie 
celebrated experiment. 

A thin capsule of copper, large but shallow, containing & 

tittle water, is sustained by three metallic supports over a 

^^sel filled witli concentrated sulphuric acid (fig. 86). This 
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apparatus is placed under t!ie receiver of an air-pump, by 
"whicli the air is then removed. The water evaporates in- 
stantaneously in the vacuum ; but the evaporation would 
(top if the vapour formed remained as such in the bell-glass. 
To prevent this, sulphuric acid is used, which absorbs ihe 
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vapour as fast as it is produced, and in this 

tains the vacuum. By this ingenious contrivance the 
evaporation of the water is rendered very rapid, and the 
surrounding bodies have not time to furnish the necessary 
heat, so that it is not long before the water remaining in the 
capsule becomes congealed. 

This method has also been applied in England to the 
industrial manufacture of ice ; only, instead of making the 
um by an air-pump, Messrs. Taylor and Martineau fill 
a large reservoir with hot steam, the sides of which aie 
afterwards cooled, and the vapour being thus condensed a 
■vacuum is formed. Afterwards they make this reservou 
communicate with the vessel containing the water to bd 
frozen, and they absorb the water vapour with sulphuric ad4 

in Leslie's experiment 
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^ The evaporation of a more volatile liquid than watei 
produces a much more intense cold. It is, for instance, very 
easy to freeze water by the evaporation of ether. Water is 
put in a glass tube, and after being surrounded with cotton 
moistened with ether, it is placed in a glass, and the mouth- 




piece of a bellows is introduced, which is vigorously blown ] 
(fig. 87). The current of air thus continuously passing over-"' 
the cotton acts on a very large surface of ether, which thus 
evaporates sufficiently fast to freeze the water in the tube. 

If we rejilace the water by mercury, and the ether by 
liquid sulphurous acid, the mercury may be frozen, which 
indicates a fall in temperature of at least 4 ' ' ' " 
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has found a great number. He has learnt how to melt and 
volatilize the metals ; and later, continually extending his 
knowledge, he has sought to resolve the same question with 
every new substance. Hence it has been considered that 
gases — those subtle matters which are both invisible and 
inappreciable to the touch, but which manifest themselves 
by their weight, their elastic force— are really the vapours 
of certain liquids, and that these liquids might be obtained 
artificially, although Nature never presents them to our sight 
Man has thus become the creator of a number of bodies 
which he would probably never have met with, but the possi- 
bility of whose existence has been anticipated by him. His 
mind grasps daily new forces of nature, and passes the limits 
which seemed to have been assigned to him by the Supreme 
Creator; and each of these specific conquests of his intelli- 
gence brings him nearer his Divine Author. 

Van Marum was the first to liquefy gas: this gas was 
ammonia, which is now employed in Carry's apparatus. Since 
1823 Faraday has hquefied and solidified a great number of 
other gases, and as the processes become more perfect the 
number of those which resist this change in their state be- 
comes diminished. There are now only five that have not 
been liquefied, and for this reason they are called perma- 
nent gases ; these are oxygen, nitrogen, hydrogen, cabonic 
oxide, and biaoxide of nitrogen. The first two constitute 
atmospheric air ; so that we as yet only know the latter in 
the gaseous state: but it is highly probable that in time 
these constituents of the air will be reduced to the liquid 
state by combining great pressures with excessive cold. 

A fourth method for the production of cold is founded 
on the fusion of solid bodies. We know in fact that eveiy 
solid in passing to the liquiil state consumes heat. Conse- 
quently, if this change of state is effected under the action 
of other forces than that of the heat of a fire, a part of the 
sensible heat of the surrounding bodies is destroyed, and 
their temperature falls. Fusion may be determined by tha 
mutual action of the fusible body and of cert^iiii substance* 
with which it may be mixed. By associating such substancfl- 
Jrcezing mixtures are formed. 



TSEEZINC MIXTURES. IJf I 

The most simple consists of powdered ice and common 
salt mixed in equal quantities. The temperature falls about 
zo" C. We have more than once had to make use of this 
method of producing artificial cold. 

How is the ice made to melt? The salt is soluble in 
waler: there is therefore between these two substances an 
attractive action which pre-induces them to constitute the 
solution. The molecules of ice separate from one another, 
and this separation is a mechanical work produced, which 
causes the destruction of a proportional quantity of sensible 
heat. This heat is atfirsttaken from the mixture, afterwards 
from the vessel, the air, and neighbouring bodies : their 
temperature therefore falls. A deposit of ice may be often 
seen on the outsideof the vessel; it is formed by the moisture 
from the air being cooled, aftenvards condeiised into liquid 
drops and finally frozen. The mixture also often appears 
to fume like hot water in consequence of the moisture Irom 
the air being precipitated in the form of mist. This mist 
does not, therefore, originate in the same manner as that of 
hot water, because the latter is produced by the steam Irom 
the water, as we have explained in our eighth chapter. 

So far we have only considered the separation of the 
molecules of ice ;- but the molecules of salt act in a similar 
manner. We all know that a grain of salt disappears com- 
pletely hi a glass of water ; tltat is to say, it loses its sohd 
state by solution and by dissemination throughout the whole* 
bulk of the water. Does not this constitute a kind of fusion ' 
which also consumes heat ? If so, we should obtain colet 
by simply dissolving salt in water. Experiment exactly f 
fulfils this prediction. Immerse a very sensible thermometer' I 
in water, dissolve some salt in it, and a slight fall in tempec-*J 
ature may be observed. 

There are many substances more soluble than common;J 
sail which produce considerable cold. Nitrate of ammonia, ' 
a white substance in tlie form of long fibrous lamina, f re- 
duces a temperature below zero when dissolved in ordinary 
water. If, therefore, we surround a vessel containing pure 
water with such a mixture, the water may be frozen, sup- 
posing the proportions suitable. Such is the principle of 
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flie family ice-machine represented in section in fifr j 

It consists of a metallic vessel which receives the freezii^ 
mixture, and of a vessel fonned of two cones which holds 
water to be frozen in the space between tiiem, so that [he 
freezing mixture comes in contact with both t 




and the exterior of the vtssel. A hollow cone of ice il 
thus obtained, which may be easily detached by reversing 
the vessel. 

The most energetic freezing mixture known is composed 
of frozen carbonic acid and ether. With this the temper- 
ature may be lowered loo" below zero C. Physicists and 
chemisis have utilized this mixture to liquefy and solidify 
many substances for which other means were insufficient 
We have Seen Vow solid carbonic acid is produced hy 
Thilorier's apparatus. When the object is to collect it, the 
issuing jet is directed into a brass box formed of two hemi- 
spherical parts which may be easily separated, and which 
are held by hollow handles (fig. go, m m). The gas enters tiic 
box by an opening made at a tangent (i/), and strikes agan 
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little blade which it causes to whirl in the box ; a. part of the 
gas remains there in tiie state of solid flakes, tlie reinaindei 
escapes by the handles. When the boji is full, it is opened 
and the flakes collected. 

Many curious experiments may be made with solid car- 
bonic acid. We Have already noticed its spheroidal state 
and its power of freezing mercury in a red-hot crucible. 
Some of its other properties are as follow. 

Placed on a polished surface, it will fly from the hand 
when brought near, because the warmth of the hand rapidly 
vaporises the part nearest to it, and the gas thus escaping 







Tta. go. — Box foi 






CaTbniic Add. 



almost as a jet from the surface of the fragmenl 
to recoil, 

It may be lightly touched without any sensation being 
felt, because contact does not take place ; the spheroidal 
state is at once induced. Neither is tiiere any danger in 
taking a piece of carbonic acid mto the moudi ; a cushion 
envelopes it and prevents it touching the skin. But, as this 
vapour cannot be breathed, care must be taken to hold 
the breath when this experiment is made. The flame of a 
taper may be extinguished by blowing it very gently ; the 
flame is hardly agitated, and goes out quietly because the 
breath removes the air which is necessary to its existence, 
and replaces it by carbonic acid gas. 

Few phenomena appear more prodigious than this : we 

may hold in our month, without any harm, a body whose 

temperature is 70" below zero C , and the vapour of wliich 

poisons the breath. One must have great confidence 

Jjcience to try such an experiment, as in venturing to past 
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the hand through a stream of molten metal. But the t 
who loves and seeks the truth, is endowed with a moral force 
which enfranchises him from vulgar fears ; what may appear 
to others to be odd and foolhardy, is to him the striking 
demonstration of a natural law ; he acts with calmness and 
leflection under the influence of a profound admiration. 

If a piece of this solid carbonic acid is touched with the 
iand with sufficient pressure to insure aclnal contact, the 
hand is burned as if it had touched red-hot iron, and the 
skin is blackened, proving that the organic tissues sufl^er a 
■complete disorganization by excessive cold and heat, and 
that there is little difference between the two cases. 

The following experiments illustrate the intense cold of a 
mixture of solid carbonic acid and ether. A fragment of 
the acid is deposited on the bottom of a reversed glass, and 
ether added little by little ; a cracking is immediately heard, 
flie glass is broken in consequence of the unequal con- 
traction of its various parts by rapid cooling. 

By putting some of the same mixture iti contact with 
mercury, the latter is instantaneously congealed. With the 
proper proportions, several kilogrammes of solid mercuiy 
may be prepared in as many minutes, which may be ham- 
.inered, cut, or worked, provided it is not touched very 
. strongly, for it would burn the fingers. If moulds are filled 
' with liquid mercury, and then surrounded by the mixture, 
■busts or statuettes of solid mercury may be obtained, which 
look like silver. There temperature is so low, that they 
remain for some time in a solid state ; fusion takes place 
very slowly on their surfaces as soon as they are removed 
*&om the mixture, 

A very curious experiment is to plunge a piece of solid 
mercury suspended by a thread into ordinary water. The 
mercury melis, and dissolves itself into an infinity of liquid 
threads, which, as they fall, freeze the water in their passage ; 
each thread thus surrounds itself with a tube of ice, through 
which the mercury flows, so long as the fusion continues. 



AGGREGATION AND DISAGGREGATION. 

3. Solution. — CryituUiiaium. 

! We have noticed the principal circumstances in which 
' i produced, and we now know of the methods al 
' 'Command to induce a given substance to take the solid, 
liquid, or gaseous ^tate. We have also met with a stale ot 
solution in trearing of freezing mixtures. We shall finish 
this chapter with sonjc observations on this state. 

The complete study of the solubility of solids in liquids 
belongs rather to chemistry than to physics; but tliere is a 
general physical principle verified in this phenomenon, and 
therefore we now speak of it. Numerous examjjies have 
taught us that the separation of the molecules of a body is 
a mechanical operation which consumes heat, and that, 
inversely, their reunion creates heat. The separation may 
be effected under various circumstances ; it is called, gene- 
rally, disapgrtgatioH ; inversely, the reunion is called aggre- 
gation. In a solution, the dissolved solid is disaggregated, 
but the disaggregation which it has suffered must not be 
confounded with fusion properly so called, whicJi we have 
studied in Chapter VII.; because not only are the mole- 
cules of the solid body separated from one another, but 
further, they are associated with those of the dissolving 
licjuid, and this second operation is inverse to the first. 
There are also many instances of solution which are effected 
without the disengagement of heat. As a rule, there is on 
one side consumption of heat in the dis.igg relation of the 
solid body, on the other side a creation of heat in the com- 
bination with the dissolving li<iuid. The observable effect is 
due to the difference of these two quantities of heat If the 
first is larger than the second, there is a fall in temperature, 
and a rise if it is smaller. Experiment only would tell us 
which of these two effects will be produced with a given 
solid and liquid. Common sugar produces cold wh^n dis- 
solved in water, wiiich may be rendered evident by a very 
sensible thermometer. When we prepare a e!a« of eati 
iiicree, we therefore cool our beverage. We must conclude 
from this fact that it is the effect of the disaggregation 
sugar which predominates. 
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Solutions crystallize under many other circumstances : we 
have chosen the above example because it alloi 
recognise the heat disengaged. Solutions usually deposit 
crystals by evaporation or cooling, and when there is no 
apilation, the crystals may grow very large and regular; 
otherwise they are small, and agglomerated in confused 
masses. Fig. 91 represents some crystals of alum. 

A very pretty experiment in ciystallization by evaijoration 
consists in depositing a drop ot a saline solution on 



^ 




microscope slide, which is then observed through a micro- 
scope. The water slowly evaporates, and the molecules of the 
salt being gradually deposited by the liquid collect together, 
and form very regular designs. Every salt has its peculiar 
lonn of crystallization. The experimentbecomes a very beau- 
tiful one when a solar microscope is used, which projects 
on a white screen an image of the saline drop, magnified 
^fcveral thousand limes. The figures formed on the screen IdH 
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e plan of a lar;ge town, with its 
and crossing each other in every 
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Eal-ammoniac resemble th 
streets lined with houses, 
direction. 

The geysers of Iceland furnish a good example of natoral 
crystallization bysohition. We have seen in the preceding 
chapter that they are produced by a water charged with 
silica, a substance which constitutes sand and ronjc crystal, 
and that this silica, depositing as the water evaporates, gra- 
dually elevates the basin of the geyser. We should find in 
the study of geological phenomena various analogous 
deposits ; for example, those stalactites formed in suhter- 
ranean grottoes by calcareous matters present odd appear- 
ances which excite the admiration of travellers. But the 
action of rivers is rather to dissolve than crystallize, because 
the waters are not sufficiently charged with the saline matters 
to deposit them under ordinary circumstances. It is only in 
certain lakes and inland seas that the effects of crystallization 
are met with, as on the shores of the Dead Sea, of which, 
chemical analysis tells us, one fourth of the total weight con- 
sists of salt ; it may also be considered as a sea drying itsell 
up. But in the ocean, the proportion of salts dissolved is 
not a thirtieth of the total weight. These salts have been 
calculated to represent a solid bed 16 yards in thickness 
over the whole globe, whilst the water in which they arr 
dissolved represents one of 1,100 yards thick. The ocean 
is therefore very far from being saturated ; it is constantly 
dissolving a small part of the solid crust of the globe, and 
it is estimated that the quantity of substances annually dis- 
solved would form a layer T^jSmr °^ ^^ '"'-'' '™ thickness 
over the whole surface of the globe! This dissolving action 
causes a disappearance of heat too slight, it is true, to give 
rise to remarkable phenomena, but which must be taken 
mto account in a study of tlie globe at large. 



CHAPTER X. 



HEAT UPON THE TERRESTRIAL GLOBK, 

. Eqitilibrium of heat on the surface of the globe.— rLaw 
of the eonservation of energy. 

The earth is formed of an excessively hot central mas^ I 
and of a superficial cmst,upon which repose the continents, 
the seas, and the atmosphere. Every consideration leads 
us to believe that the central mass is in a liquid condition, 
while the shell we know is formed of a solid crust, the thick- 
ness of which is barely the one hundred and fiftieth part of 
the total diameter of the earth. An idea may be formed of 
their relative bulk by imagining a sheet of paper to cover 
a sphere eight inches in diameter; the sheet of paper 
represents the solid crust of the earth, whilst the sphere 
represents the liquid centre. We have shown in Chapter I. 
that at a certain depth in the solid crust the tempera- 
ture is invariable through all the changes of season on the 
surface. Above this region tlie temperature is subject to 
both regular and accidental variations ; below it the tem- 
perature increases regularly with the depth, at the rate 
of about 1° C. in every hundred feeL Such is the result 
of numerous observations extending over a period of two 
hundred years. 

The existence of a region of invariable temperature in 
the solid crast of the earth indicates a state of calorific 
equilibrium, a compensation between the heat lost and the 
heat gained by our globe, or at least an excessive slowness 
in the thermal changes of tlie molten interior, so that we 



k 



244 THE PHENOMENA AND LAWS OF HEAT. 

can admit the constancy of this temperature when we hafC ' 
under consideration a period of several centuries. We de- 
pend on this when we seek the laws of the distribution of 
heat above the su|ierficial crust, whether at various epochs 
or in various places. This distribution has the grealtst 
interest for us, since the regulation of living beings depends 
on it ; and we shall now endeavour to trace its principal 

The atmosphere, tne ocean, and all that part of the 
earth's crust situated above the region of invariable tem- 
perature, are subject to two contrary actions' which just 
balance each other ; that is to say, the heating action of ihe 
sun and the cooling action of the celestial spaces. The 
solar rays which strike against the burning sands of the 
desert are in part reflected, in part absorbed. The absorbed 
heat raises the temperature of the sand ; but so soon as the 
sun sinks below the horizon, the sand in its turn radiating 
towards the celestial spaces restores the heat it had re- 
ceived, and compensation is established. 

BuL usually, there is a great number of intermediate opera- 
tions between the arrival of a solar ray on the earth and the 
return towards space of an equivalent terrestrial ray ; these 
operations are accomplished both in inorganic matter and 
in organized beings, and in this manner the solar heat dete^ 
mines life and motion on the surface of the globe. When 
the sun is absent, the forces of nature are in equilibrium: 
it is the time of repose. When the sun returns, the equi- 
librium is broken ; a new force excites all the odiers, and 
a fresh arrangement becomes necessary. The alternation 
of day and night is thus an incessant cause of activity. 

Through all the evolutions of matter one grand law pre- 
vails ; namely, the conservation of enei^. The energy or 
power of motion is transmitted from one body to another 
with neither augmentation nor diminution, and the effects 
which it produces differing among themselves by their form, 
are always equivalent. It is only of the effects that we can 
have any exact knoii'iedge. -Vs to their cause, we have only 
the sentiment of its existence, and we are totally impotent 
to assign to it any particular nature. We speak of forces, but 
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e do not see them ; they are the mysterious causes of the -'-' 
phenomena which we contemplate ; they emanate from the 
Divine power, and it does not fall to our lot to have any 
knowledge of their intimate nature. Our part is to atten- 
tively observe the phenomena, and seek the links which 
connect them. 

If we follow the various operations accomplished by solar 
heat acting upon matter, we shall verify the assertion of the 
conservation of force in the same time that we s\im up the 
laws treated of in the preceding chapter. A simiile drop of 
water will serve as an example. Leaving the ocean in the 
form of vapour, it traverses the atmospheric regions, and 
falls as snow on the glaciers of high mountains; it after- 
wards redescends as water towards the sea, and in its pas- 
sage it meets with the vegetable and animal existences, which 
cause it to undergo marvellous metamorphoses before it is 
again restored to the ocean. 

We will suppose our drop of water to weigh nine grammes, 
and we will now endeavour to follow it through its suc- 
cessive transformations, according to the daia of modem 
science. When heated by the sun in the ocean it is re- 
duced into vapour, and the heat it consumes represents an 
expenditure of energy capable of lifting a weight of one 
kilogramme more than 2,300 metres high. The vapour 
mixed with the air rises into the atmosphere, where it con- 
tributes towards the production of winds and of various 
effects recognised in the science of meteorology. Gifted 
with the faculty of absorbing and emitting radiant heat in 
a greater degree than dry air, tlie vapour of water moderates, 
as by a screen, the cooling action of the celestial spaces ; 
thanks to its influence, the atmosphere serves as a garment 
to the earth. During its slay in the atmosphere our drop 
of water becomes hot and cold by turns, so that it serves as 
a kind of vehicle to the heat, and a perfect compensation is 
established between the heat it absorbs and that which it 
restores. It soon condenses as a cloud, and then a disen- 
gagement of heat takes place. Stip|:iose that the conden- 
sation is effected at the same temperature as the initial 
I^^Kjrisation, there will be perfect equality between the heat 
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compensation exists between the beat created and the heal 
expended. The energy is here derived from the sun, which 
deterjnines the partial fusion of the glacier, either directly 
or by the intermediate action of the earth, and it appears 
simply transferred to tlie earth from the celestial spaces. 

Our drop of water has now again become liquid, but it 
is at a great height abo\'e the ocean — say 4000 metres. 
We must add to the effects above described the mechanical 
work which represents the transport of nine grammes to 
such a height. The expenditure of energy in this transport 
would be capable of lifting a kilogramme to the height of 
thirty-six metres, and this also is denveil from solar action, 
corresponding to the displacement of the atmospheric strata, 
which we have spoken of under the name of Convection. 
This effect is recompensed by the return of the water of 
the glacier to the ocean. Gravity causes the drops to col- 
lect at the base of the glacier, where they combine and 
form streams and rivers, and ultimately find their way into 
the sea. In the descent from a source situated at a height 
of 4000 metres, nine grammes of water would develop an 
amount of energy equal to the preceding. 

By the simple friction of the bodies which hinder its 
progress, this water is able to return the heat of which it had 
previouly robbed ihe atmosphere. But the forms under 
which the energy may reappear are varied to infinity; its 
transformations do not stop there. The river waters the 
fertile plains, and meanders through a thousand sinuosities 
in accordance with the inclination of the ground. It would 
almost seem that the earth instinctively sought to 
these waters in order to nourish the innumerable t 
which live upon its surface. The vegetable needs vt 
elements to compose its organs ; it needs water for the 1 
circulation and elaboration of these elements; it needs I 
also hydrogen. But to fix in its tissues one gramnie of this 
substance, the vegetable must first decompose nine grammes 
of water. The sun furnishes the motive force necessary to 
this work, which is equivalent to the elevation of a wei 
of one kilogramme more than fourteen kilometres high. 
is under this powerful iniluence that the plant appropriate! 
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one giamnie of hydrogen. The plant will afterwards serve m 
food 10 some amraal, in which will reappear all the eneigy 
previously expended. Each gramme of hydrogen which is. 
submitted in the blood of the animal to the action of resjji- 
ration, disengages a quantity of heat capable of elevating 
one kilogramme to the height of fourteen kilometres, by re^ 
combining with the osygen of the air to reconstitute nine 
grantmes of water, Sucl) is the admirable balance reigning 
throughout nature, the sublime simplicity of which reveais 
to us ihe infinite «isdom of an all-powerhil Creator, 

To resume : we see that, in the circulation of nine grammes 
of water through the ocean, the atmosphere, the glacier, the 
river, the vegetable, and the animal, a work is produced ol 
16,636 kilogram metres, and an equal work expended. This 
represents thirty-nine thermal units, allowing a thermal unil 
to be (;qual to 415 kilogranimetres. This heat has been fur- 
nished by the sun, and finally it is transmitted to the celeslio! 
spaces by the radiation of the earth. Thus as Professor 
Tyndall has so eloquently shown, we are directly indebted 
to the solar mys for all the multiplied powers exhibited on 
the globe, There are so many special forms of the power, 
of the sun, so many mechanical arrangements in which that 
great motive force exhibits its method of working in the 
interval, so to speak, between the radiation of heat from its 
source and its return into pure space. 

The time separating the moments which the solar energy 
is expending from that m which an equal energy is put in 
activity, may be considerable, so that the energy may seem 
shut up in certain terrestrial bodies. For example, our 
coal-mines are the remains of immense forests which have 
existed on the earth long before the advent of man. Buried 
beneath the waters by geological changes, they have under-. 
gone a slow decomposition, and their carbon has been sit, 
at liberty. Each kilogramme of carbon conies from tllfi 
carbonic acid which the vegetable productions of tliese 
forests havedecomposed during their hfe under the influence 
of the sun, and this decomposition has entailed an expendi- 
ture of energy sufficient to raise one kilogramme 3400 kilo- 
metres high, We burn coal, and this energy again comes 
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to light ; it has been preserved intact, and we utilize tlie 
heat sent, radiated by tlie sun to the earth thousands of 
years ago- The utilization is complete when we simply use 
the coal in a stove for heating purposes. But if we wish to 
convert the energy into mechanical work, we know that it 
is impossible in our engines to avoid the disengagement 
and loss of a large proportion of sensible heat, or to convert 
all tht; heat of the combustion into work. We can scarcely 
raise with one kilogramme of coal burnt under the boiler of 
a steam-engine a weight of one kilogramme to a height of 
135 kilometres; the greaterpart of the energy is developed 
m the form of heat. In any case, however, the great prin- 
ciple of the conservation of force is verified by experience. 
It is this principle which establishes a correlation between 
all physical phenomena, because the energy communicated 
by matter may be manifested otherwise than by heat and 
mechanical work; it may, for instance, take the form of. J 
electricity ; but we have been careful to study phenomena ii 
which these forces do not intervene. It is by separatii^ 
the natural forces from one anotlier, making them act sepa 
rately on matter, that a knowledge of tlieir kiwa may be 
obtained. When science becomes more advanced, it may 
be attempted to embrace under one formula all the incom- 
plete results now arrived at, and thus prepare a synthesis 
which should s 



3. Distributitm of lemperature on the earth's surface. — 
Climates. — Effects of atmospheric moisture. 

Having now acquired a general idea of what is meant by the 
equilibrium of heat on the surface of the globe, we proceed 
to consider the distribution of temperatures. If at every 
point of the earth's surface the amount of heat lost and that 
gained were constantly equal, the temperature would remain 
constant, k thousand causes interfere with this equality, 
and the temperature varies periodically according to certain 
laws, in such a manner that there is always a conservation 
of energy. Living beings constantly require the concur- 
rence of heat in a determinate proportion, and also during 
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therraometer ; it indicates the maximum. The other I 
tains alcohol, and indicates the minimum. To effect this 
the thread of mercury, when the temperature rises, pushes a 
little iron cylinder forward, which remains in its place when 
the temperature fails, The alcohol of the second ther- 
mometer, on the contrary, contains a little enamel cylinder 
which it drags by adheience when the alcohol contracts, 
leaving it, however, in its place when the alcohol expands. 
The different action in these two thermometers is easily ex- 
plained : the mercury is incapable of wetting either the iron 
or the glass, and is therefore unable to pass round the little 
iron cylinder; whilst the alcoliol, wetting botli the enamel and 
the glass, completely surrounds the latter cylinder. Suppose 
the cylinder placed at the end of the alcoholic column, and 
the alcohol to contract, it drags the cylinder without ceasing 
to surround it ; if, on the contrary, the alcohol expands. It 
leaves the cylinder stationary, and itself passes along in the 
space between the cylinder and ihe glass tube. When using 
the apparatus, the end of the tablet on the right is lowered, 
and the httle cylinders are caused by gravity to fall to the 
extremities of llieir respective liquid columns. The tablet 
is replaced horizontally, and twenly-four hours afterwards 
the position of the two cylinders is noted. The little 
cylinders are then again adjusted, and so on. 

The mean daily teraperatifre of a given place varies ac- 
cording to the season. After the winter solstice, the time 
during which the sun remains above the horizon increases 
daily until the summer solstice; and at the same time it 
rises higher and higher in the heavens in its diurnal revo- 
lution. It therefore acts stronger and stronger, until, ulti- 
mately, the earth is heated more during the day than it 
cools at night. At the summer solstice, the solar a 
has reached its maximum ; but the cooling action of the 
celestial spaces does not yet comjiensate it ; compensation 
does not occur for some time after, when the solar action is 
undergoing a decrease in consequence of the diminution in 
the length of the day and the height of the sun. The daily 
mean temperature at this moment attains its maximum. 
Afterwards, until the winter solstice, the earth cools more 
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fering the night than it is warmed during the day, and the 
temperature falls. 

As a crowd of local or accidental circumstances must be 
added to the above cause, the variations in the mean tem- 
^ratures of each day become complicated ; their effect, 
however, disappears by calculating the monihly mean.s of 
several years. To do this the sum of tlie daily means is 
divided by the number of days in the momii, and hence a 
monthly rate of mean temperature is obtained. This cal- 
culation is made with the means obtained each month 
during a laige number of years. The following are the 
results calculated by Bouvard for Paris, after a series of 
observations extending over sixteen years. Instead of the 
Centigrade scale used by Bouvard, we give the figures 
according to the scale of Fahrenheit :— 

»JAtJ. FEB. MARCH. APRIL. MAY. JUNE. 

aS'-fi i9°.-^ 44''-6 Si°-3 ST-.a ez-.fi 

JULY. AUG. SEPT. OCT. NOV, DEC. 

65°-7 *i4°.8 6o°.6 52° 7 44''.6 39" 

Tliese figures show that the maximum is reached in July 
— that is to say, after the summer solstice. By taking the 
sum of the monthly means given in the above tabic, and 
dividing it by 12, the mean temperature of Paris is obtained ; 
this is ii°.4, which is very nearly the mean of the month 
of April 

This number does not, however, suffice to characterise 
the action of the sun on a given spot. The extremes of 
temperature exercise the greatest influence on animals and 
vegetables. That a plant may not freeze, or that a fruit may 
ripen, the temperature must be neither too low in the one 
instance nor too high in the other. Further, it is necessary 
in this estimate to consider a large number of observations 
so as to eliminate the influences of accidental causes ; and 
it is by comparing the mean temi)erature of the warmest 
month with that of the coldest, that the climate of the 
place is determined. The preceding table gives us 6^''.^ 
and 35".^ for Paris ; the difference is 30°. J. This figure 
I'pieasures the range of the climate of Paris. Such a climate 
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is variable, because the absolute temperature may acci- 
dentally rise to loo" F. or fall to 10° below zero. Hence 
exceptijtial winters and summers that cannot be foreseen in 
the present state of meteorology. 

We shall now consider the causes which influence the 
mean temperature and chmate of the various countries. The 
farther we go from tlie equator towards the poles, the more 
obliquely do the solar rays fall on tiie surface of the globe. 
In consequence, their action becomes gradually less intense, 
and the mean temperature diminishes. When we reach the 
polar regions, we find the atmospheric vapours are con- 
tinually condensed to snow, and the surf;ice of the seas is 
frozen. Immense fields of ice, annually changing their 
jiosition, put an end to navigation, and reader the explora- 
tion of these regions almost impossible. Dr Kane over- 
came these difficulties in his memorable expedition to the 
Arctic Seas ; but, in spite of the efforts of Cook, Weddel, 
Dumont d'Urville, and James Ross, we have no certain 
knowledge of the southern arctic regions, where, however, 
we cannot reasonably doubt there is also a free polar sea 
surrounded with icy barriers. 

The configuration of the continents and the marine cur- 
rents cause great ditlerences in the distribution of heat in 
the two hemispheres. In the northern hemis])here we find 
vast continents extending very nearly to the pole ; in the 
southern hemisphere, on the contrary, Africa and America 
taper off to points, and present much smaller superficies 
than that of the seas. The southern extremity of America, 
the part which comes nearest to the South Pole, is not 
farther removed from tiie equator than Denmark. As the 
sea reflects from the surface a larger proportion of the solar 
rays than the land, the heat absorbed by the southern 
hemisphere should be less than that absorbed by ours. 
This, in fact, we find to be the case at the extreme southern 
point of America — the mean temperature is lower than that 
of Denmark. 

Seas have the effect of softening a climate. The vapoui 
of water ceaselessly absorbed by the atmospheric air acts as 
a kind of clothing, which preserves the soil trom too- d^H 
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warmth or cold. Moreover, the marine currents distributi 
on the coasts ihe heat which the whole ocean receives from 
the sun, or carries from them a pan of that which the land 
has absorlied to deliver it elsewhere. Thus the mildest 
climates are to be met with among islands where the differ- 
ence between the mean temperature of the hottest month' 
and that ot' the coldest is not more than a few degrees, 
and "'liere moderately hot summers are followed by mild 
winters. Such a climate is called constant ; it ia met 
in South America, where immense trtc-fems grow, and 
where the magnificent vegetation of the tropics extends 
much further from the equator than in the northern hemi- 
sphere. Hence, in the =ame mean temperature as that of 
France, orchids of many curious varieties and vanilla grow 
freeiy in those countries, although the same species need 
the protection of our greenhouses. 

In England we find again a very striking example of the 
influence of moisture on the climate and on the 
perature, which at London is about 50° F, At Irkoutsk, the 
capital of Siberia, which is at about the same distance from 
the equator as London, the mean temperature is a little; 
below 31° F. At London the mean temperature of the cold- 
est month is 37°.4 P., and that of the hottest month 64" F. 
At Irkoutsk these temperatures are 3° below zero F., and 
63°.5 F. above. The differences of these extreme 
peratures are thus 26°.6 F. for London, ami 6o°.s F. 
Irkoutsk. This last to'vn is the type of 
climate. 

It is easy to explain this enormous difference between 
tivo localities which, by their position on the surface of the 
globe with respect to the sun, ought to receive the same 
quantity of heal. We have already mentioned the influ- 
ence of the Gulf-stream on the climate of England, 1"his 
vast marine current carries to her shores the heat absorbed 
in the Gulf of Mexico and in the equatorial regions of the 
Atlantic. The atmospheric currents carry in the same direc- 
tion large quantities of water vapour arising from the evapo- 
ration of the ocean : tliis vapour, condensing in England, 
disengages as mu<:h as had been absorbed in its formation 
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in ibe tropics. It is a kind of Krial carrier, which daxit 
A' beat from its source and carries ii to a distance. At 
London the south-west wind blows for nine months in &e 
Tear, and wiienever it brings rain it brings additional heat: 
hence the mild temperature of the climate. Intense colds 
and encessive heats axe alike prevented by the moistiiess of 
Uie atmosphere, which moderates in the summer the ardour 
of the sun by absorbing its rays, and in winter preserves 
the terrestrial heat by opposing its radiation lowaids the 
celcsda! spaces. According lo Tyndall's experiments, the 
water vapour contained in the atmosphere would exeidse 
on radiant heat an absorption seventy-twu times greater 
than that of dry air. England, in fact, may be said 10 
imjoy the sheltering advantage of a heaven-built screen ; 

, and, if such plants as t^e vine do not flourish in the island 
for want of a sufticient heat in the summer, otliers are able lo 
live there which could not support the coid of continental 
winters. In the north-east of Ireland, according to Hum- 
boldt, the myrtle groivs with as much strengtli as id 
Portugal ; it hardly freeies there in winter, but [he summei 
heat is not sufficient to ripen tlie grape. On the coasts 
of Devonshire, camellias pass the winter unsheltered in 
the open ground, and espalier orange-trees may be seen 
bearing fruiL* 

The circumstances are very difiereni at Irkoutsk. At a 
great distance from tlie sea (lie air tliere is very dry, and no 
longer preserves the soil. The winds bring only masses of 
dry air frozen by the polar regions or heated by the deserts 
of Central Asia. In winter, Lake Baikal, near Irkoutsk, is 
frozen (luring a long time, and may be passed in a sledge 

- during all [)ie period from January to April inclusive. Some 
very curious details o^ this countiy are given by a traveller 
who visited it in the month of January. The lake — loo 

, leagues long, 15 broad — resembled a pelrifieil sea ihrough- 
ouL its whole extent. " Along the coasts might be seen on 
the sides of the rocks and in tiie ravines immense icicles, 
which looked like frozen casc:ules ; these were caused by 
the foam of the lake, which, breaking on the shores durii||" 
' Bccquerel'a "Elements of Tcrre-lrial Physics »iid Mcteoiol<^ 



s du niH' 



CHANGES OF CLIMATE. 

mpest, had been frozen before it could fall back." 
Having started a. sledge on this frozen plain, It seemed t< 
our traveller as if he «'ere starting in a. post-chaise froi 
Dieppe for America. Under the ice, two or three yards itt. 
thickness, strange noises were heard, and occasionally 
agitation was felt as if the ice and water were not in 
contact. The captive waters lifted themselves from the 
depths, and rushed with fury against the icy vault which 
covered them. In summer, on the conlrary, the teinpera- 
ture at Irkoutsk is maintained often at 80° F, for several 
weeks, and the lake is navigated by steamers, Tl.u south 
winds would cause munh greater summer heat if they were 
not stopped by the Altai Mountains, which shelter thcj 
country from the wind of the desert. 

The elevation of a spot is one cause of cold. The ail 
becoming less dense as we rise absorbs less heat, and its 
temperature decreases. In fact, tlits is what results from 
the observations made, whether on mountains or in balloon 
ascents. Thus, at the Great St. Bernard the mean tem- 
perature is 33°.S F. The law of tins variation depends on 
a number of circunistances; and we must not now enter 
into any details on this question, nor on that of the height 
of the perpetual snows, which forms part of it. 

The study we have made of the general causes which 
determine the mean temperature and the climate of differ- 
ent parts cf the globe, suffices to show on what principles 
their explanation lesis. We shall finish this book by 
considering the modifications effected by time on the dis- 
tribution of terrestrial heat within the historical period, and 
.^hosc wliich may possibly be brought about in futiu'e ages. 



changes whuk have occurred in the distribution of 
ti previous to our epoch. — Gcoiegieal revoluiioiu. 
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In Palestine, in the time of Moses, the date and n 
ripened ; from which facts «'e may calculate approximately^ 
Ihe mean temperature of that country at the time. In fiict, j 
tlie date does not now ripen at Catania, llie mean ternpera-T 
ture of which is 04°.4 F. A temperature of 70° F. is neces- J 



I 

I 

\ 



360 THE PHENOMENA AND I^WS OF HEAT. 

interior pressure wilt augment, and the fluid it contains wiH 
come out by the fissures. 

Such is a rough image of what passes at the present lim& 
Tliree hundred volcanoes exist on the eartii's surface, iaa 
mense fissures, from which flows incandescent lava, while 
mixtures of gas-cinders and vitrified rocks are cast out by 
the fire. The whole mass throivn out in one year measures 
one cubic kilometre. This result confirms those at whicli 
we arrive by other considerations. 

But the effect of terrestrial contraction does not stoj) 
here. The fluid centre, in contracting, leaves an empty 
space between its surface and that of the solid crust It 
may, therefore, be in a state of continual fluctuation, submit 
like the ocean to the attraction of the moon, have its' tides, 
its waves, and its tempests. Every imaginable chemical 
operation might be effected on the surface of this sea of 
fire ; hence the subterranean detonations, the oscillations 
of the solid crust, and the trembling of the earth, most 
frequent in the equatorial regions, where the speed of the 
diurnal rotation is greatest, and the lunar action is most 
strongly felt. In fine, the unequal thickness of the crust at 
difterent points occasions an unequal collapse, and immense 
fractures take place along the lines of least resistance. At 
such times a terrible overthrow of the established order 
of things takes place on the surface of the earlh. Wherever 
there is a fracture a part of the crust sinks in, whilst the 
neighbouring part rises; a chain of mountains may he 
created in a moment, and the volcanoes vomit their in- 
flammable matters wherever the earth has been torn 
open. From this point of view the collapse causes the 
fracture, the interior empty spaces cause the oscillatoiy 
motion, because the broken part of the crust is not sus- 
tained, and the volcanic eruption is but the result of 
this dislocation, because the molten matter enters the 
fissures only after their formation without having con- 
tributed to it, 

A similar revolution changes the distribution of the ocean : 
new continents rise from the bed of the sea, and others sink 
beneath the flood of waters. Then a fresh period of tran- 
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_ Rllity commences, until, the collapse continiiiug, similar, 
phenomena are reproducecl. 

The researches of Beaumont and of other geologists liave; 
shown us tile traces of thirteen great revolutions and the 
order of their succession ; but we cannot know the intervals 
of time wJiich have separated them ; we only know that 
they must be immense. Thus both geological and physical 
observations perfectly accord in proving the slowness of the 
earth's cooling. To these proofs we may add another, drawn 
from astronomical observations. 

Supposing that tbe sun lias suffered no change, the con- 
traction of the earth should cause an acceleration of the 
motion of diurnal rotation, and, in consequence, diminish 
the length of the day. Now, according to Laplace, the 
length of the day has not decreased by 3^ of a second ' 
the last 3,ooo years; this effect is therefore inappreciabli 

The distribution of solar heat on the surface of the 
is, on the contrary, subject to great vicissitudes. It ii 
bable that the sun cools as slowly as the earth, and that 
quantity of heat which it radiates to our earth is almost 
invariable ; but at each geological revolution this heat en- 
counters fresh continents and seas, and the climates are 
completely changed. Among the changes of this kind most 
nearly approaching the creation of man, we have a sinking 
of the wliole of Switzerland, the traces of which have re- 
mained on the sides of the Alps and the Jura raounlains. 

The traveller descending the valley of the Rhone may, if 
Ills knowledge be sufficient, trace the remains of ancient 
glaciers so far as the Lake of Geneva. Here the rocks 
which border the valley are scratched, and present deep 
furrows ; there they ate polished and rounded off; in other 
places tliey are streaked and channeled out. They have 
everywhere the aspect of the rocks we may see bordering 
existing glaciers, where we may, in a measure, see the ice 
working under our eyes. What is much more, on the other 
side of the Lake of Geneva, on the chalky slopes of the 
Jura, rise blocks of the same granite which forms the 
summits of the Alps, as if these blocks had been detached 
from the top, and carried to this distance. We may 
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4, Future of the iemsf rial globe. 

The future destiny of the earth is a high question in Mr 
niral philosophy which it is not our business to answer. We 
may nevertheless venture to give a hint of what maypossil)ly 
happen. It is first necessary to distinguish between simple 
conjectures and observed facts. Among the latter, we have 
in the first place the great discoveries which form the science 
of geology. The time that has elapsed since the creation 
of man is incomparably less than the interval between two 
consecutive geological revolutions. Besides, the later geo- 
logical revolutions have effected fewer changes than Ibe 
first in the conditions of the existence of organized beings. 
Having considered the past, we now come to the present 
TJlie same phenomena which have formerly accompanied 
the revolutions of the globe are still happening under our 
eyes. Add to these facts those which belong to the domain 
of physics. The sun and the earth are warmer than the 
celestial spaces, and they follow the laws of heat exactly as 
ail other material bodies ; they must be continually cooling 
60 long as they are at a higher temperature than the celestial 
spaces, although the most delicate instruments afford no 
indication of this phenomenon. Adding that astronomy 
confirms these observations, we shall have assembled before 
us the principal data of the problem. They are quite ia- 
Bufficient, however, to solve it, and if we go farther we 
immediately begin to hypothecate. If the earth is a liquid 
globe, covered by a thin solid skin, which sufficiently ex- 
plains the anterior geological phenomena, the same phe- 
nomena should be reproduced in successive centuries ; the 
speed of the diurnal rotation should increase, provided the 
8un and other celestial bodies continue to act in the same 
manner on our globe. The flattening at the poles should 
also increase, and the distribution of heat be thus changed J 
there should be a greater difference between the mean tem- 
perature of the polar regions and that of the equatorial 
regions. Further, the orbit described by the earth around 
the sun should become lengthened, so that the winters n " 
'become colder and the summers hotter. Once in thitt" 
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i mind knows no bounds ; obstacles seem to disappear 
as in a dream ; the possible seems to be almost without 
limit. But this is no more than a mirage or play of the 
imagination. A problem cannot be solved without com- 
plete data, but if we are unable to say to what extent the 
earth may be modified in future ages, it is not impossible 
to draw certain consequences from facts really observed. It 
is probable that a geological revolution will not come about 
within a period of time much exceeding that which has 
elapsed since the creation of man ; and further, that the 
changes likely to 'jccur will be less considerable than 
formerly. We conclude, therefore, that the present race of 
organized beings is less likely to be affected by geological 
revolutions than even those which characterized former 
epochs, and are now only known by their fossil remains. 

Fear is most often, if not always, the offspring of ignor- 
ance and superstition. Thank God, we live in an age when 
the light shed by science on the minds of the greater mass 
of the people is sufficient to save them from degrading 
terrors. Thunder and the sun's eclipses no longer affright 
civilized nations ; we contemplate them with a serenity bom 
with a knowledge of the truth, and an admiration for the 
works of God ; and when nature's grander phenomena pre- 
sent themselves, we know that it is our duty to discover if 
any and what the peril is, that we may be prepared with 
all the resources furnished us by an all-wise Providence. 
Thus scientific invesrigation fortifies within our soul the 
sentiment of adoration for the Di\'ine Power, and raises us 
by degrees from the slavery of the physical to the freedom 
of the moral and spiritual world. Thus science and religion 
may truly be called sister spirits. 
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fessrs. Charlks Scribijer & Co. invite the attcolioa of Instnio 
d of Students in Schools, Academies, and Colleges to the 
■■ »llo*ing seleflion from their list of publications, comprising numer- 
ous standard Text- Books, adapted for use in institutions of learning 
of all grades, as well as works indispensable for purposes of refer- 
ence. 

Very many of the text-books named are already in use in Yale, 
Harvard, Princeton, Williams, and other of our leading CoUegcs. 
Of those publisiied more recently, special attention is called to ProC 
Porter's Mental Science, Prest Hopkins' Moral Science, ProC 
Day's English Literature, and Prof. Cooley's Natural Philasophy 
—works which are of unrivalled excellence in the departments to 
which they are devoted. 
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•,• Full Descriptive Calatsgiui of Charles Sckibneb &, Co.'s Publico- 
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A LEXANDER. — Outlines of Moral Scienc& 
'* By Archibald Alexander, D.D., late Professor i 
Tlieological Seminary at Prineelon, N, J. One volume, i2mO| I 
cloth >I 1° ] 

Tliis irork la the last nhich proceeded froio the lamented author^ bmA 
Ethical philosophy engaged his mind for at leitst threescore years, and mt 
his bvorile study. During nearly forty years he lefiured on the sul^efi u 
Princetoiv, and these leflures were the basis of this sucdntl manuaL The J 
treatise is elementary in Us charafier. It is intended to lay foundations and I 
elucidate principles ; in other words, it is upon the Philosophy of MmiI* ' 
The great simplicity and clearness of the author's style will commend It 
as a suitable text-book for colleges, theological seminaries, and other instiln- 
dons of learning, for which purpose indeed it has for many years beea 
widely used. 

©xtcrnporc -Sjiccvking, 

BAUTAIN, PROF.— Art of Extempore Spi ^_ 
(The). Hints for the Pulpit, the Senate, and the Bar. ^ 
BAUTAIN, Vicar-General and Professor at the Sorbonne. Edited 
by 3 Member of the New York Bar. With Additions, Rules of 
Debate, etc. One volume, i2mo, cloth .... f ljo 

Himself one of the most eloquent of Frenchmen, ProC Bautain in Ihii 
manual lays down the rules and principles which must guide those who 
expeft to gain disttnfiion as ready speakers and debaters. The trealiEe Ii 
divided into two parts. In the first part, the " exposition of the subjeft," 
the quallEcalions necessary for public speaking, "the mental aptitudes* 
lur it, and "the physical tjualities ofthe orator, natoralaind acquired,"ait 
discussed. Id the second part, M. Badtain treats at length of " the din- 
tion of the subjefl," " its conception," " the final preparation before speak- 
ing," both intelleflual, moral, and physical, and of the discourse itself wJtli 
its exordium, peroration, etc, etc The translator of the volume, a disUn- 
goished member of the New Votk Bar, has admirably adapted it to the dm 
of the American public by adding several chapters, giving some praftkal 
"" "" regarding the use of the voice in public speaking, and sunannriiiBg 

important rules of order and debate. The treatise is popular in | 
le, and direft in its treatment of the important subjefl whidi it discusses, i 
Anieriaui editor very josfly lemarVs "wv 'iiie ■eis^Etltattis work"luj I 
COUDferpart or rival in tiic En6\\5\v\anEQ»?,e, ao^o\v'wi<A \i«™m«v" 
■ic and the wpawte pn"ion» o^ "^^ ^ *^ wno.Vii^'i-"- »i «** 




""LARK (N. G.). — An Outline of the Elements op 

-' THE ESGLisa Language, for the Use of Students. By N, 
, Ci^RK, Professor of Rhetoric and English Literature in Unioc 

illegc. One volume, lamo, clotli S' 25 

Driglnallj prepared as a. manual for the use of students in tlie college 
:h which its author is conneifted, this Totumc, from its method, ivill a.t[raft 
: iiteresi of tlie general reader. It is peculiar in aiming to bring out more 
\y than has hitherto been done the langu^e and the physical and intellefhial 
ments of English charaiEler, The intlucnee of the Celtic and Roman, [he 
iglo-Saxon, Danish, and Norman elements respectively, are traced 
:t!in£Uy, and the moditlcations through nhich the langii:tge has passed 
arly sketched. The volume doses witli a numlxr of extracts from 
Ihois of the different periods, which serve as specimens to illustrate 
mges of the language mider tlie influences referred to. 
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""OLLIER. — A Bibliographical and Critical Ai 
■' COUNT of the Rarest Books in the English Language (alpha- 
tleally arranged) which during the Inst fifty years have come under 
s observ.ttion of J. Payne Collier, F.S.A. In four volumes, 

ilh f 12 00 

These volumes are the result, or rather they are one of the results, of Gilj 
its' untiring labor, by one of the most conscientions, industrious, and per- 
lering of English bibliographers. In the preface Mr. Collier states that 
ring his whole life — and he was nearly eighty years of age when this work 
s produced — he has been 1 diligent reader of all works connefled with 
ly English li (era tmre, and that it has been bis custom to lighten his sevCTei 
•ors by making extracts from and criticisms upon these produfUoiu 
.ether they may have been in prose or verse. These volumes have been 
inly derived from the immense mass of material accumulated in this way. 
LC student of English literature can nowhere else iind such a remarhabia 
lleAion as this of the interesting, the curious, and the rare. 
("a The reminder of the edition of lliis valuable work, having passed en- 
>|y under the control of Messrs. Charles Scribner & Co., is now offered 
irice much lower than that originally fixed. 
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CRITICAL NOTICES, 
lllcratun 1 pianeer like Mr. Collier [> of Ihe snalut use. Snch 
-ditgh Mr. CDliieiVcoUefUon uid ki U DT.CBii<>m\^&u3s«B.- 
or hia Duipoie, aod what would not." — Lmtilim SnJuvAaj Rt 
unrt »voi/«pablistoed ic tlasnwmtn"— R*"™* Tjil* 
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(^OOKE. — Religion and Cbesustry ; or, Prooi 
^-' God's Plan in the Atmospheke and its Elq 
De.ivered at the Brooklyn Institute, Brooklyn, N. Y., c 
Graliam Foundation. By Josuh P. Cooke, Jr., Irving Pn 

of Chemistry and Mineralogy in Harvard University. One t 
crown 8vo, cloth 

The chief aim of these leftures is to show that " there is ab 
evidence of design in the properties q[ the chemical elements alol 
hence that the greit atgumetils of natural theology rest upon a basis 
no theories of organic development can shake." It win be seen, thi 
thai they diredlly refute the Darwinian theory as to the origin of spe 
least from one point of view. The arguments advanced are some o 
novel, and all exceedingly forcible. In consequence of the large pops 
mand for the work, a new and revised edition, in cheaper form than 
which it originally appeared, has been issued. 

CRITICAL NOTICES. 

" Vieirrd u 1 uiinitific boolL alone, on ill ipcdil nit^iiA, m VnowDrnnnethal ca 
in compnilion with " Religion ind Chemisnji' whtlo Ihe poliihtd and cle^^M ajrl 
■utlior, and his euTicaf conviction, every wtiere appafcnt, dial iht truths h«cxp]4iiuo 
chief value to Ehe Elimpsn Ihey aflbid ci of the Divine cconom; of ctudoh. irnfor 

/^OOLEY. — A Text-Book of Natukal Philo3( 
^^ An accurate, modern, and systematic explanation of the EI 
tary principles of the Science, adapted to use in High Scliool 
Academies. By Le Roy C. Cooley, A. M,, Professor of K 
Science in the New York State Normal School. One volume, 

nith over 130 illustrations 

In dealing with the various proUems coming within the lange 
luience which he expounds, Prof. Coolkv utuformly proceeds fii 
cause to the effci^ thus pursuing the only natural method, and that n 
the simplest In form Ihe work is striQly logita.1, and in milter it is c 
dear,anddistiii£t, while it is brought down to the latest development 



f*f think it will bo linind 
't/' SC/fAATCA'. Prhictlea Calltjy. Nti< 

."/■mp/eased wild theworlc.sndhaTeii -^ ^ ^ , - _ 

^PMment In liie Maine Stale Semmry, «>nn=at4 ■«-& "^ CoT«». -P 




^IK.^A Compendious Historv of English Lit-] 
tATURE, ajici of ihe Englisli Language from [lie NoimanJ 
Witli numerous Specimens. By George L. Craik, I 
D., Professor of History and English Literature in Queen's Col- 
I, Belfast Two volumes, Svo ; half calf, S12 00; cloth . %^ 5a 

I extent and eihausliveness of rescaicb.in breadth of scope as nell 
1 minuteness and accuracy of detail, Professor Cialk's great work stand* 
oat a rival among ainular treatises. Prof Crai It's method af treating 
aubjeft is peculiarly his own. Combining the history of English litera- 

nitb that of the English language, he lakes the ground that "in the 
est stale in which it is known to us the English is both a homogeneous 

a synthetic language, — homogeneous in its vocabulary, synthetic in 
rammatical struflurc. It has since, though of course always operated 
\ like everything human, by the lair of gradual change, undergone only 

decided revolutions! tlic first of which destroyed its synthetic, Ihe 
nd its homogeneous charaflcr. Thus, in its second form, it is still a 
ogeneous, but no longer a synthetic language ; in its third it is neither 
hetic nor homogeneous, hut has become both analytic in its grammat 

composite in its vocabulary. The three forms may be conveniently 
jnated :— the first, that of pure or s:niple English ; the second, that rf 
,en or semi-Engiish ; the third, that of mixed or compound or com- 
te English. The first of the tlirce stages through which the language 
thus passed, may be considered to have come to an end in the eleventh 
ury ; the second in the thirteenth century ; the third is that in which it 
is." Prof. Craik's b'catise is devoted to this "third form of the lan- 
;e," as he defines it, and which he regards as commencing with the 
ry of Chaucer, in the middle of the foiuteenth century. Following 
n English literature from the time of Chaucer, he gives us accounts not 

of writers known to all scholars, and the names of the majority of whom 

live, but he furnishes specimens of the produflions of a large number 
since forgotten, but whose style illustrates most forcibly the Iransi. 
I through which our language has passed. In fulness of Lnfarmatior. 

in critical accuracy Prof Craik's work, as we have already said, 
es all that have preceded it in this fascinating field of invest igation. 

CRITICAL NOTICES. 
'ii'iEUm Cralk'i bwli, Eoing u il dou Ihrsugti Ihe whole h^ElDTf of Ihe languBgr, 

tali« ■ place quile by iucIC We have pEuloIogiijil booki Heating of out ea 

value i^lbt beak it ia Ilioraugb coiiiprehin»vcneu."~L«iili>ii Solvrao* R.«\n- 
• trteoni arcbranidi 0/ English lileratuie. Ml C»tiVm\Kokw Vj VavV*^"*' 
< bee., mb!i,h^-~Argtvi Amrrim Revirw. 
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T^AY.^ — Art of English Composition (The). 
^-' Prof. Hekry N. Day. One volume, israo, doth. PrccfiS" 

Art of Discourse (The). A System of Rhetoric 

adapted for use in Colleges and Academies, snd also for privaU 
Btiidy. By Prof Henrv N. Day. One volume, I2nio, dofli. 

Price, ^i 5a 

The Art of Composition and the Art of Discourse are complemenlu} 
treatises designed to cover the whole lield of text book instiuftioa in 
composition and rhetoric They 3xe both chirafterized by iKginning with 
the thought to be expressed as the vital element in all good speilting *nd 
writing, and by proCECding from that to the verbal expression. Theyne 
both unfulded in a method CLire fully conformed to the principles nf thongU, 
progressive and exhaustive. They, also, are both designed to train tltf 
pupil in the art of ivtiting, and are furnished with copious exctdsei oa 
each foriD of thought, csch process of representation, and each tnode of 
verbal expression. 

OPINIONS OF PRACTICAL INSTRUCTORS. 
•' rny'i ■ An of DiwDuree ■ is now ujed as Ills Rhtldrlcil Teil-Book in Yale College, »< 
Ilhinl!iiobeITer>rork,fotlheclaa8, b^i yel brra pgUished."— Cl'^UJ' NORTHROf, 
Pn/msr cf Rhrim: and EnglM Liltr^Krt » YaU CoUff A"™ Haetn. AKpa 



1 aysieni. cinndl &il lo ptodow 
iprolific aveouei Id thouihlol 
iRot but Rprea ths hope llM 



ffitm ii 10 be lh« bial book ofOic VmA I havt melnilh. The ailberki 
Ih for himself, preBenliiiE Ihc principlM of ihe languaee on a i;hm#- 

Ibr ibe ecpteisiDn of IhsughL Gnmmar and compcslllan UDghl in this maniHr tp 
inslcdd olBlihorTHl tvA nvechanically ececul^ lAsks, an ertrciBe pleaunt id lhe(q|A 
■ ets.maia,maiaum-at."~HEyRyjy.SICLAR,NiKiHr^{Xn 
^•ri) tmlUuU. 

"'TheAnof Composition," and the 'An of Discourse." by ProC Henry N. Day, bio 

'"- - mplHotiMI-booluonlhesnbJeftsDfwhiiJitbeyltut. Theaiiib<T-sprindplB«l 

\f philoMphical, ind ue nued with sreM predsion and clcaniesi. wfaili M At 

to liijiB be brinffi every topic to the te 

W^Ote l/nd which ma; be oiled euy. t^vi are ii\ vkIk u c» 



pronounciDgil ihcbestivDck on Ensliih Gnni- 
m uqnaiclEd. Thi piincipal pecnliaiitr oT Iht 
now— ine leduonE Luemgc u lu proiier lubordiniilian <o ihaughl-^tafeaTDrslhat nnS 
nnnncDd Uk\1 id evenr bitelJiKcnl mind.."'-?. Q. FRENCH, A tl/mait, K^m HmmfMrt. 

■pjAY. — Elements of Logic. Comprising the Doc- 
'-^ trine of Laws and Produfls of Thought and the Do£lrine ol 
Method, together with Logical Praxis. Designed for classes and 
for private study. By Prof. HENRY N. Dav. One volume, I2ino. 
Price *I SO 

Professor Day's long experience as an instruflor has enabled him to 
Tully appiecialc the necessities of the student and teacher, and (his nork 
with those upon the Arts of Composilion and of Discoarsc, which supple- 
ment it, make a series of test books of uiisiirpasaed praftical value. The 
Logic is designed for learners, and the aim has been to develop the science 
in si rift method. From the determination of the single radical principle of 
thought, its laws and the forms of its produfls have been mettldicaliy 
evolved ; and the doflrine of method with the eiercises is but the end 
and result toward which the unfolding of the doflrine of the elements of 
ihought have steadily tended. The exercises are prepared specially for 
the help of the teacher. Recogniiing fully all that Sir WILLIAM HAMILTON 
and others have done for the science, Professor Dav does not conline himself 
strlflly to any one method. Various new points are introduced which have 
already been approved and accepted by the numerous insttuflors who have 
adopted the work a.'i a text book as v^^uable contributions to the advance- 
ment of the science, 

OPINIONS OF PRACTICAL INSTRUCTORS. 

No pcnon wha •Mdlu llui book can RElllait Id nndentanil logic— iJr. HORACB 
WESSTER, o/lhe CM^et o/lkt Cili e/Nfiv Tor*. 

A worli d[ decided merit tai urell wonh; a place as a teit book in oar higher inM U atiinl 
»(leamiBg.-ffi. 7- SICE, Pmidmt Univmily ^/ Kmsv. 

I am most bfarably liapieBed with it> suitableTieit ia a text boolt— 7, W. Llt/D- 
SA y, fraidmls/Gnmia Collrct. 

An cittlleDl treadle and ii well adapted for a leu booh in the highs isstllutiou ol 

I have looked on* Day's Logic aad am veiy tnugh pleased with ihff molhod and Ibi 

mtraduifloripagea give it peculiar eicelleace and 6HtXobe»\i!iJ.Wit'BiVo»'>'»6=- ^ 
.lull uU gnial ple^iBite ia coramendiniil lo atudenW -Tfc» lat« Pnrftiw DUNK.-s 




Ltiaries Scribner & Co's Text-Books, tie. 



©ngltsK ^tierafuirc. 

■p\AY, — ^An Introduction to the Study of English 
■*-' Literature. By Prof. H. N. Dav, of New Haveti. One 
volume, l2tno, uniform with Day's ^'- Logic" "■ Art of Discmf%^ 
and "An of Composition:' Cloth $2.25 

The disdnguishing charafleristic of this teit-boofc is ihat it ditefb tla 
slody to the literature itself as a growth, not to authorship, not to hJstoiT, 
cot to critidsm. It presents, in the first part, a selediion of the maMo* 
pieces of our literature, most woi thy of special study in themselves, wbilt 
best representing the successive phases of the language and litentnra. 
These selections are accompanied by copious notes, philological, historicaL 
and sesthetical, indicating and explaining the changes in the fbnns and 
meanings of ivords, the structure of the sentence, and the verse-forms in ont 
language. It thus presents a study that can be prosecuted with as detinile 
Ml aim and ohjefi in each successive lesson as the ordinary study of a Gredi 
or I^tin classic It guides the learner to nhat he is to team, and the teadicr 
to what he is to teaclu Besides the concrete presentation of our literatme 
in these representative seleSion*. in the second part it presents, in asEnS 
Analytical method, a full detailed view of the elements of the language, asd 
of the departments of the literature, with the leading authors in each depail- 
ment. To this part the notes or the sciefUons refer throughout. The liM 
of language, the origin and afonities of the English tongue, its elemod* 
lind charafleristics, the principlcii of its orthography, prom 



» formation, versification, etc, arc here systematically treated for thonn^ 
Btudy or for iiiciflcntal reference. 

r\AY. — The American Speller. By Prof. H. N. Uait, 
■^-^ Author of "Logic," "Art of Discourse," "Art of Composi- 
lion,'' and " Introduftion to Englisli Lil 



III preparing this work, the entire vocabulary of the language baa bees 
ranged word by word, and distributed into closes under the orthographic 
principles which have deteroiined the spelling. The pupil Ilins, whilt 
learning comparatively few individual words, comes unconsciously to ■ 
praflical acquaintance with the closes of words, and so to the principles flf 
the orthography. The work is of the iredium sice of spelling-bo 
and of the ordiniry size of type. Uul by its compaflness, its 1 
irriingemcnt in gn>uiH and clases, nnJ its omiaaon of foreign 
contains more words than ordinary ^pelling-bnoks, besides a primer : 
emple to introduce adults to the more advanced readuv^ lessons, and ilso 
/sr^ sele/\iim of choice sentences let ii\fta*.wn\ eteicisw- 



Charles Scribner & Co.'s Text-Books, etc. ^^^ 

^AWSON. — The Fcederalist : A Colleiaion of 

Essays, wrllten in favor of (he New Constitution, as agreed 

tby the Federal Convention, September ly, 17S7. Reprinted from 

iriginal text. Under the editorial supervision of HENRY B, 

|Lwson. University edition. One volume, Svo, cloth . Sj oo 

■ — The Same ; with Bibliographical and 

ktorical Introduftlon, Notes and Portraits. By HENRY B. 

^WSON. One volume, Svo, cloth $3 7.! 

le of [he first and most striking results of the late war ivas the develop- 
in eager desire among all intelligent persons to investigate the theory 
S principles of our Goveninient ; and as an aid to the proper understand- 
I oT the great quesdona which these involved, there is no work in exist- 
to be compared with the Fosderalist. " The test employed in this edi- 
" as Mr. Dawson states, "is that which the distinguished authors them- 
■A originally gave to the world, without addition or abridgment, or tlic 
It alteration, except where typographical errors were subsequently cor- 
d by the authors themselves." 

CKITICAL NOTICES, 
f Hr- Danion hu peribnncd Lbe lask wiili ivideiil loilaus inleml in Ihe labjefl, whh ■ 
inule (borouEhncKS of reneaich, wLiich it u UDCommoD ab i1 ia ctxnmondd- 
Bud n^ DnDUBUkable ciplicitDESi in the italement of iu i«ii1t9."-'jV'. Y. TrlAHm. 



^fw&ics in OnglisK. ^J 

■^E VERE (PROF. M. SCHELE).— Studies in Ekg- 

lish; or, Guhpses into the Inner Life op our 

By M. SciiELE De Vere, LL,D., Professor of 

1 i^nguages in the University of Virginia. One volume, 

D Bvo, doth J2 50 

FWcarly fifty years ago Thomas JcfTcrson, the founJcr of the Ujiiversity of 
■Riginia, inserted Anglo-Saxon among Ihe suhjefla on which a course of 
lectures was to he delivered by Ihe incumbent of the chair of modem 
languages. Fro£ Scheie De Vere, who has for many years filled the chail 
in question with marked ability, has gone beyond the wishes of Mr. Jefier' 
t so far as to embody tn this volume t^e itsvtas ot. "tia «*.««is* 
^aiopcii stadiea and researches. TVie vo\iiti\c is ^ifrtWiw tt\ mi •=;»»'' 



Illustraied Library of 



animnl JtntfUfottttf 



■■ Thii boak ii inslruAfvE and iica.^~—I<idtfmJtHl. 
•• ll di:icribes inJ CKutainE ihc wimdcin d[ beat is a i 
j aaa- dmiifl 

P^KIE INTELLIGENCE OF ANIM^ 

1^^^ Illustrative Anecdotes.— From the Frendf 

Menault. With 54 illustrations. One volume, i 

In this very inleresting vdliiine tliere ate grouped logetho'^ 
ber of Cafls nnd nnectlotes -rolleflcil friiin urtgiaaJ sources, ai 
writings at the mo^t eminent naturalists uf all CDontries, desi[ 




elhen 



inifesL 



l<ntiL-> 



11 Ihe ai 



novel and curious fafls regintm^ llie liabils i)f Kcpllles Hi 
are riarra.led in the most charming style, and in a vi.iy w 
excite Ihe desire of every reaiier for wider knowledge of o 
fascinating Eubjefls in the wliole range of natnral history, 
skill displayed in Ihe illustrations, whicli are very numerDU^'^ 
ume singularly attraiflive. 

CRITICAL NOTICES. 
" May be recommended a> veiy en lenainmg. "—/.<« J."i ^t*r, 



'■The , 






^QPPt. 



■p-GYPT 3,300 YEARS AGO; or, R 
^ Great. Ly F. Di; Lanove. With 40 illu! 
volume. i2mo 

This volume is devoted [a llie wonders of Ancient K^ypl duri 
of the Pliaraohs and nnder Sesoatris, the period of its grealest 1 
irmgni licence. Her monuments, her palaces, her pyramids, an 
of art are not only, acciimlely described in the text, hut rcpr 
ieriea of very attraiflive illustrations as they have lieen restorer 
eipliireta, allied by sludciils of Egyptolosy. While the volt 
attmflinn of lieing devnled to a subjefl wliitli possesses alt C 
D"velly lo the great number of readers, it has the substanlta 
;uswng, with intelligence and careful accuracy, one of "the g 
iff the world's history. 



lUustraied Library of Wanders. 



CRITICAL. NOTICES. 

tnink this a l^wd book fiw die purpme Su vriuch it is des3gx>ed. It Is Ivirf on eaHa 
lively and graphic, without asj Iheatrkal xniiices: is tv* iLe «-:ff-k of a uorice, box 
eal scholar in Egyptology, and, as £u- as can be ^fenaiiied t.ov. :s L^z/ry.** — 
ES. C. MOFFA T, Prt^css^r in Princeton Tkcolo^cal Scwninary. 

le volume is full of wonders.** — Hmrtfard C^tirmvL 

iridently prepared with great care.'^ — Ckicag9 Ezfruing: Jimmal. 

ot merely the curious in antiquarian manors vili £nd this t oCiiJBe u;raa. vs, bo( Ibe 
il reader will be pleased, enteitamed, asd iniorBaed bj 'nC — F0riLii^ Ar^ui. 

le work possesses the freshness and cliaim of romance, axHl carjaoc £L] to iti';aii all 
lance over its pages." — PkiladelJ^kia City Itt 



D VENTURES OX THE GREAT HUNTING 
L GROUNDS OF THE WORLD. Ev Victor Melxier. 
trated with 22 woodcuts. One volume 12:1^0 . . $1 5^ 

For specimen illtutraiiau ice f-a^e 1 9. 

sides nuxnerotLS thrilling adventures judidous'.y selectee!, :h':s work con- 
much valuable jind exceedingly interesting :r.f'^r!r.atiori regarding the 
ent animals, adveatures i^ith which are narrate:, to^ctJ.er with accu- 
descriptions of the different countries, making t]<,e vo^cimc n jt r»nly 
esting, but iiistru6li\'e in a retnarkal/.e ^-ii^.tt^ 

CRITICAL NOTICES- 

his is a very attradlive volume in th;s excel'er.t scrie*." — Cleveland Herald. 

annot fail to prove entertaining to the juverile rtari*r." — Albion. 

he adventures are gathered from the h;st«^irle:s 'A farsoj* Uiveilers and expiorer*, and 

:he merit of truth as well as interest.** — -V. K Ols^rvr. 

ist the book for boys during the coming Winter cver.i-i*." — Boston Daily Journal. 

Pompeii. 

r BONDERS OF POMPEII. By Marc Monnier. 
V With 22 illustrations. One volume i2mo . .^15° 

For specimen illustration see page 1 9. 
lere are here summed up, in a very lively and graphic style, the results 
e discoveries made at Pompeii since the commencement of the exten- 
sxcavations there. The illustrations represent the houses, the domes- 
:ensils, the statues, and the various works of art, as investigation gives 
r reason to believe that they existed at the time of the eruption. 




SutiUmr ill :xatui*(-. 



"^HE SUISI.IME IN NATURE, FROM DESCRIP- 
TIONS OF CELEBRATED TKAVELLERS ANl 
WRITERS. By FERDINAND Lakove. Illustraieil «iili 48 
One volume ismo 



r and Atincisi>he[ic I'llenomciia, the Ocean, Mouiilains, Vi 

["henomena, Rivera, Fnlln ami UataraHs, Gtolliies and Caverns, MtAj 

la of Vegclalion, arc (iescriliecl in this volume, and in Ite DM 

manner |)ossiblc, because ihc descriptions given have lieensefcfl 

11 Ihe writings ii( the most distiiiguislicd authors and travclieiSi 1 

nlnstrations, several of which are from Ihe jieneil of-CusTAVK IfOR^j 

n this country, as trell as in foreign lands. 

L NOTICKS. 



THE SUN. By Amedee Guii.lejii.v. From ihe Eresi 
by T, L. PlUPSON, Ph.D. With 58 illustrations, t^ 
volume i2mo $1^1 



M. GutLLEMlN's well-known v 



-k upon r/ii H€iD 



J) kwide reputation as one of Ihe lirst of t 
■•servers. In this compact treatise he discourses f: 

-^'reiely »[«1 tnlertainingly of the Run as the source 

r ebeniicat aftion 

r Hamjlnrv Woiti 



upon lin'ng Icings; of ils pla« 



Illustrated Library of Wonders. 



diemical constitution ; of the maintenance of Solar Radiation, and, in con- 
clusion, the question whether the Sun is inhabited, is examined. The work 
embraces the results of the most recent investigations, and is valuable for 
its fulness and accuracy as well as for the very popular way in which the 
Bubje6l is presented 

CRITICAL NOTICKS. 

•*1*he matter of the volume is highly interesting, as well as scientifically complete ; the 
•tyle is clear and simple, and the illustrations excelicMii."— A''. Y. Daiy Tribune. 

" For the first time, the fullest and latest information about the Sun has been comprised 
in a single volume." — Philndelpkia Pnss. 

"The work is intensely interesting. It is written in a style which must commend itaeh' 
Id the general reader, and imparts a vast fund of information in langua-e iret f'lom astrone 
nical or other scientific technicalities."' — Alhatiy Evening Jouninl. 

"The latest discoveries of science are set forth in a popular and attra(5live style.''— /V/t- 
Umd Transcript. 

** Conveys, in a graphic form, the present amount of knowledjje in rcgatd to the luminou* 
centre of our solar system." — Boston Congregatiomilist, 



^Unn^^^UinQ. 



WONDERS OF GLASS-MAKING ; Its Description 
AND History from thi: Earliest Times to the 
Present. By A. Sauzay. With 63 illustrations on wood. One 
volume i2mo $i 50 

For s/>€cimen illustration see page 22. 

The title of this work very accurately indicates its chara6ler. It is writ- 
ten in an exceedingly lively and graphic style, and the useful and ornamen* 
tal applications of glass are fully described. The illustrations represent, 
among other things, the mirror of Marie de Medici and various articles 
manufadlured from glass which have, from their unicjue chara6ter, or the 
associations coimc(!iled with them, acquired historical interest. 

CRITICAL NOTICES. 

"All the information which the general reader needs on the subjedl will be found hei« 
in a very intelligible and attradlive form." — N. Y. Evening Post. 

"Tells about every branch of this curious manufa(5lure, tracing its progress from the re- 
motest ages, and omitting not one point upon which information can be desired '* — Boston 
Past. 

"A verj' useful and interesting book.*" — N. Y. Citizen, 




HfQlltfjousrei snXi iLigttsllfP^- 



IGHTHOUSES AND LIGHTSHIPS. By W, HH 
Adams. With sixty ill us I rations. One volume liW j 

ti timed paper 

The um of iIll^ volume is to fumLsh in a popular and intflli^liic Ibnm V 
ilesetiplion of the UghthoufC ai it is and as il was, of the tuile R 
pharos, Di old teo-loiver, with itii HicUeriiig fire of wood or coal, snl Al'l 
modern I.iglithouse, dia]iely nnd yet mlisIBiitlal, with its powerful illvottirfl 
ting appamlus of lamps and lenhes shining ten, or twelve, or twenty m _ 
acro<B llie water<t. The author ^ves a ile!icripti\'e and liiiL'iiii.'al occotiDlA 1 
their mode of constructioQ and nrgaluiation, hosed on the best aulhoriti^, | 
and revised by competent critics. Sketches are fnmislied of the muS re 
inarkabie Ughthouscs in the Old World, and a gtapiiic 
of the mode of life of thsir keepers. 

CRITICAL NOTICES, 
full or TnleitM."— JV. V. Ccmiturcial J 



■^HE W0ND1;RS of ACOUSTICS; or, The : 
NOME.MA OF Sijuso. By K. Radau. Witli no Ulusm- 
One volume i2nio. Printed ph tintedpaper 



ivcrwei^hl of technJi'olitieii encumber the author's oniple and o 

istruqtive disquisiliwi ; but by presenting the resnlts of curious 

1, by anecdote, by all manner of strlkinj; illustration, and by the Oi) 

s picture*, he throws a popular interest about one of the Rtft 

^^tivE and beautiful of the .sdeiiL-e^ The liook opens with an allracflrt 

" Sound ui Nature," in which the Innjjui^e of animals, noctuin^ 

: in the forest-S anil kinilred subjects are iliscusied. Among the tOlniS 

Bjireated of later in the work are such as " Effects of Sound, on Uvin|> 

"Velocity of Souuil," "The Notes," "The Voice, Muhc. awl 

This volume forms a valuable addition to the serieii. 



HlHstraUd Library of Wonders, 



Boailff Strtnstii antr SitfU. 

/■QNDERS OF BODll-Y STRENGTH AND SKILL. 

Translated and enlarged from the French of Gt;iLLAUME 

(G, by Charles Russell, Illusiraied with seventy en- 

a wood, many of them full page. (/« October^ One vol. 

on tinted paper 8 1 50 

icirJetUy one nf the most interesting volumes of the Libraiy of 
he author has ccllcclcd, from ci'ety avulable Eource, 
ci descriptive of the most remarkable exliihitions of Physical Strength 
J, whether in the form of indt-vidiml feats, or of national Eimes, rroto 
ra down to the prejenC lime. The author has amply endea- 
a make a coUEction of " Wonders of Bodily Strength and Skill," 
ttUie liter.ilnre of all countries, and if any of them may be assigned to 
Ti of llie improbable, he most respettfully refers doubting inquiren 
le original sources. The grace anil skill displayed in the illustratioia, 
and strikuig, mate the volume singularly atlractivei 



SSaiUoonEi. 



7ONDERFUI, BALLOON ASCENTS. From rhe 

French of F. Mariok. \Vith thirty illustrations on 

(latiy of them full pa^je. {In October.) One volume l2mo. 

J on tinted paper Si 5° 

is volume gives an interesting history of balloons ar 
exceedingly readable and graphic style, w 
a the reader. 

e history of the balloon is fully narrated, from its first stages up to the 

It time, and the most memorable balloon voyages are herein described 

a thrilling manner. The illoslratiuns are exceedingly taken in diar- 

CRITICAL NOTICE. 



TOyages, 






iding bwli. e^peciiU]' fiu O* 



J^^^'frf Library 




of Wmilers. 



"'Sonlrtrfitl Estapts. 









one volume t,n,":' *::*^"'y-^.i'' f"'I-P^= P'"-^- (^« Ai^'^-"*"-) 



Reviseil from the 
VVHITEING ' ■w^1'**'*°' *"■* original chapteirs added by RichamT 

■ With tweniy-six full-page plat 

tamo. Printed on tintedpaper 

' l^ciiKrn illuaratioH Ire fegr jo. 

I ThU YoW ot the •• Library oF Wonders " « an exceedinelT mte^XtaE 

»TWi»on to the stnes, narratiig as it docs in tlie most thriUti.g manner fe 

ooderful escapes of noted prisoners, political as weU as criminid. Tta 

capes of over forty wuU known pciBOnafies are described in this Ixiok, tsA 

-r history inay be relied upon as entirely accurate, obtained" from nfficill 

Among the cliaiaclcrs treated of we may mention Mariu^ BcB- 

cnuto Cellml, tjrotius, Cardinal de Keti, Baron Trenck, and Marie de 

Jledicis. A number of fidl-page plates picturing llie prisoners b the moS 

ts uf their escapes accompany the volume. 

''ATKR. Ry Gaston Tissandier. With numeroos 
illust rati Otis, {fnpresi.') One volume lamo . }[ SO 
Fir •friimri- itiuilralum ,^ fag, j.. 

In this volume, we are not only roost entertainingly told of what water ta 
composed, and wliat angular Iransfurmations it undei^oes ; but its manilalil 
itritive, medicinal, agrieultund, commercial, &c., &c., are ex]^aiiicii| 
asils part in the general economy of nature. The movements of ll* 
! arteries of the continents, torrents, rapids, glaciers, and Ibewboh 
■ circulatory f^stem ore besides described, and every division of the subject is 
1 ^aesenled in the most picturesque and interesting manner. 
ALSO IM press: 
Wonders of EsGHiviNG, Wonders op VeoetatiWi 

Wonders of Sculpt uRii, The Invisible Worijj. 

EitECTiticiTY, Hydraulics, 

Wonders of the Heavens, Suhterranean Woslu 

Dm aivnmMivtrnl if Ikt ifftarniice o/tke aiivi new UtUa rf Ikit una mt 
hea^icrta/tirairiuyajtfnui 




Jllustraltd Library ej l^'onilers. 



HE WONDERS OF OPTICS 

By F. MARION, 
npi, and a (i.Ic.rtiHV(.T..iipiect, Ont vnl iimo. PH« «t J» " 







r. 



'lilted Library of iVomUrsA 




ateri Library ef tVoaiterr. 



THE INTELLIGENCE OF ANIMAL^ 




JlluiliaUd Library of IVondirs. 



POMPEII AND THE POMPEIAN 

E» MAHI. 



1 




MO lUustrated Librajy of 


Wonders. ^^^| 


Bthe sublime in 

■ From Deacriptions of Celebrated Writ 


NATURE. 
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Illustrated Library of iVoitt 



■WONDERS OF GLASS-MAK' 



Bv A SAUZAV. 

nwood. Ooevol. iimn. J. , 
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